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Research on novel materials to handling water- and airborne samples for biological 
threats analysis is in great demand due to the COVID-19 pandemic. Work conducted on a new 
field of material science, called liquid-infused surfaces, demonstrate strong potential for the 
handling and manipulation of biological samples. As a result of the field’s infancy, only a 
limited number of studies have explored how liquid-infused surfaces can apply droplet 
manipulation strategies to address real-world problems. Presented in this dissertation are two 
platforms that leverage liquid-infused surfaces to address the challenges associated with 
handling water- and airborne biological samples. When dealing with waterborne biological 
samples, the paper-based materials commonly used in point-of-care devices rely on capillary 
forces to drive droplet movement, but this mechanism can result in significant sample loss. To 
simultaneously localize and concentrate with minimal loss, liquid-infused surfaces were 
fabricated by infusing silicone release paper with polydimethylsiloxane oil. Functionality was 
provided by folding the polymer surfaces into 3D geometries of the sample which enabled clean 
separation into predefined locations. The liquid-infused surfaces permitted ~3.4-fold increase in 
 
concentration of bacterial samples within a material that resisted adhesion, enabling 
downstream analysis. To capture airborne biological samples, many current methods suffer 
from pathogen recirculation, harsh chemical extraction protocols, and retention of captured 
airborne pathogens. Here, liquid nets are explored as a new method of filter-based air sampling, 
focused on improving the release of capture bioaerosols. Liquid nets were fabricated with 
traditional liquid-infused surface materials, polytetrafluorethylene (PTFE) filters were infused 
with perfluoropolyether oil, as well as melt-blown polypropylene high-efficiency particulate air 
(HEPA) filters wetted with perfluoropolyether oil. The PTFE liquid nets significantly improved 
the rate at which the captured Escherichia coli aerosol droplets were transferred for culturing on 
agar plates compared to the bare PTFE controls. Similarly, results from the HEPA filters 
demonstrated that the liquid nets improved the release of the captured E. coli, in comparison to 
the bare HEPA filters. The improvements to bacterial transfer provided by liquid nets present a 
new filter-based air sampling method to capture and detect biological threats within the 
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INTRODUCTION TO MANIPULATION STRATEGIES ON BIOLOGICAL SAMPLES 
There is a large and growing need for low-cost, portable, and durable devices which can 
provide information on the presence and composition of biological and chemical materials in 
our environment.1,2 Multi-drug resistant bacteria3,4 in hospital-acquired and secondary 
infections5,6 pose a substantial threat to human health, as do the inevitable outbreaks of bacterial 
and viral epidemics such as Ebola, cholera, and Zika.7 Through the work of many researchers, 
companies, and communities, these threats have been met with innovation in point-of-need 
(PON) detection systems which monitor biomarkers or other indicators of airborne biological 
threats. Currently, simple PON devices are widely used as both paper and other disposable 
assays,8 while advances in synthetic biology9 and engineering of microfluidic devices10,11 are 
showing tremendous promise for expanded capabilities in the future. Yet despite these 
advancements, there remain several major challenges to realizing the full capability of on-site 
detection systems for both waterborne and airborne samples. 
PON detection platforms are designed to provide information that enables a decision for 
a course of action at the site of need. However, the results delivered by current widely available 
platforms suffer from a lack of either specificity or precision, often requiring that samples be 
sent to brick-and-mortar laboratories for further testing.1,2,12 At the same time, more specific and 
precise approaches to detection being developed in laboratories around the world face the 
challenge of scale-up1,2,13 and the current lack of established validation protocols.8,13 In addition, 
a fully integrated system which combines sample preparation and analysis would likely 
facilitate the use of PON devices; however, when dealing with heterogeneous biological or 
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environmental materials the complexities associated with handling, mixing, and transport are 
noteworthy.1,13,14  
Beginning to approach the challenges associated with enabling the next generation of 
PON testing devices will require technology that is by its nature integrative, adaptive, and 
versatile. Although multiple solutions will doubtlessly be required, one such approach that has 
recently generated attention is the use of liquid-infused surfaces, often referred to as either 
slippery liquid-infused porous surfaces (SLIPS) or lubricant-impregnated surfaces (LIS). 
Inspired by bio-active and dynamic wet surfaces in nature,15,16 this platform technology is 
proving to be adaptable to multiple applications, including the control of biological materials,17–
19 medical surfaces16,20,21 and droplet movement.22–24 Furthermore, liquid-infused surfaces are 
more often being used as a method of facilitating synergy between multiple functionalities such 
as anti-adhesion, environmental responsiveness, self-healing capabilities, and surface chemistry 
control.16  
1.1. Droplet Interactions with Liquid-Infused Surfaces 
Liquid-infused surfaces are created by trapping a thin layer of liquid on a surface 
through a combination of physical means, such as capillary action, and chemical means, such as 
van der Waals forces.25 When the trapped liquid is immiscible with a given contaminant, the 
resulting liquid layer presents an anti-fouling surface which is pressure stable and even able to 
self-heal due to its liquid nature.15 An in-depth discussion of the physics and chemistry behind 
liquid-infused surface can be found in any one of several recent reviews on the subject;16,26,27 
however, one of the attractive properties of these surfaces is their ability to be created on a wide 
range of substrates, from polymers to metal to paper, using different types of infusing 
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liquids.16,28,29 In all cases, droplet interactions with fully-functional liquid-infused surfaces are 
characterized by a low contact angle hysteresis (CAH ≤ 10°), or the difference between the 
receding and advancing contact angles of a droplet sliding along the surface. This measurement 
can be viewed as proportional to the energy required to shift a droplet from a static to dynamic 
state, and is generally used to illustrate the ease with which droplets can be translated from one 
location to another.30  
While immiscibility of the infusing liquid with the sliding droplet is critical for the 
system to work, the way in which the droplet interacts with the liquid layer is variable. Recent 
investigations using confocal optical interferometry31 have revealed three possible equilibrium 
states for a droplet at rest interacting with a liquid layer: one in which the infusing liquid is 
fully displaced and the droplet makes full contact with the surface (failure); one in which the 
liquid is partially displaced and the droplet makes contact with several discrete areas on the 
surface (partial failure); and a final one in which the liquid layer remains congruent underneath 
the droplet, allowing the droplet to effectively hydroplane/oleoplane across the surface 
(functional). Which state a liquid infused surface/droplet pair will produce depends greatly on 
the composition of the liquid as well as the composition and texture of the solid surface. 
However, the stability of any given combination of solid substrate, infusing liquid, and 
impinging fluid under static conditions can be predicted via a spreading parameter, which 
takes into account the surface and interfacial energies.32 It has also been demonstrated that 
putting the droplet into motion can alter a partially-failed state into a fully functional state. In 
this case, the stability of the liquid-infused surface under dynamic conditions can be predicted 




Figure 1.1. Schematic illustration of the different morphologies, movement control methods, 
and detection-facilitating properties of droplets on liquid-infused surfaces.  
the system.31 When droplets are in motion across a liquid-infused surface, the speed with which 
they travel can be tuned by altering the viscosity, with more viscous infusing liquids slowing 
the rate of motion.33 
Additional studies on liquid layer/droplet interaction have looked into a unique set of 
phenomena that occur on liquid-infused surfaces: the creation of a wetting ridge (or wetting 
skirt), the displaced infusing-layer liquid which rises up partially around the droplet; and the 
wrapping layer, the thin encapsulation film of the infusion liquid around the droplet (Figure 
1.1).34–36 Both of these phenomena have been shown to affect evaporation rates of the drop,34 and 
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increase the rate of stripping of the infusing liquid from the surface when the droplet falls off of 
the infused surface, bringing its wetting ridge and wrapping layer with it.35,36 Whether or not a 
wrapping layer forms can be tuned by selecting specific infusing-repelling liquid pairs, 
although this is most achievable when repelling other low-surface-tension liquids.32,37  
In the application of liquid-infused surfaces, particularly in anti-fouling capacities, much 
attention has been given to the understanding and improvement of their self-healing 
capabilities and ultimate longevity.16,38 Attempts at limiting the rate of depletion of the infusing 
liquid by liquid layer stripping have recently included increasing the viscosity of the infusing 
layer to slow or prevent wetting ridge and wrapping layer formation,37 creating a system of 
vascularized channels within the surface substrate that can be filled with the infusing liquid to 
continually self-replenish the depleted liquid layer,39 building in self-secreting droplet 
reservoirs40–42 adding amphiphilic porous cellulose nanofibers to the surface microstructure to 
act as infusing-layer reservoirs and provide additional capillary force to retain the infusing 
liquid,43 and adding a brush-like low molecular weight PDMS graft over initial surface and spin 
coating the infusing layer to increase the robustness of the layer.44 Other options to address 
longevity have looked to tuning the crosslinking density of infused polymers, which have been 
shown to have an effect of longevity in the face of repeated removal of the infusing liquid 
overlayer.45 
While not yet investigated with individual droplets, there have been several reports of 
modifying either the repelling liquid or the solid to introduce an additional degree of 
functionality to the system. For example, work responding to the need for liquid-infused 
surfaces to not only resist adhesion by contaminating bacteria, but also prevent them from 
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multiplying was addressed by using and infusing liquid doped with bacterial quorum sensing 
inhibitors,46 the antimicrobial agent triclosan47 or nitric oxide.48 The doped liquid was found to 
release the active molecules slowly over time, producing the desired dual response. Another 
potential concern with liquid-infused surfaces is the entrainment of organic molecules into the 
infusion layer. A recently reported method to address this issue is to graft a photocatalyst, like 
titanium dioxide, onto the solid surface. Upon contamination of the infusing layer, UV 
illumination of the liquid-infused surface photocatalytically decomposed the organic 
contaminants.49 Further advances in controlled release and incorporation of active molecules in 
the infusing liquid layer may also present an interesting opportunity to achieve multi-faceted 
responses in the interaction of droplets containing biological or environmental samples with 
liquid interfaces. 
1.2. Droplet Manipulation on Liquid-Infused Surfaces  
One critical issue in the creation of self-contained PON detection platforms is 
development of methods to incorporate both sample preparation and detection within the same 
small area. Preparation steps may require sample separation, mixing with buffers or reagents, 
or concentration, while detection likely requires movement along a path to a detection site, as 
has been demonstrated for some PCR applications.50,51 Current research on droplet 
manipulation on liquid-infused surfaces offers several promising approaches which may prove 
useful in further achieving this goal.  
1.2.1. Passive Control via Surface Structure Modification 
Surface structure or texture is a crucial element of liquid-infused surfaces, and is one of 
the most accessible parameters to alter to achieve controlled droplet movement. For example, 
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Figure 1.2. A) i A profilometer image (oblique view) showing nanostructure (inset) infused with 
lubricant, and the tangentially connected bottom slope. ii Time-lapsed optical images of 
condensed water droplets on an asymmetric bump rotated 180° relative to gravity. The yellow 
asterisk indicates coalescence with another drop, while the dotted yellow line tracks the vertical 
progress of the droplet. Reproduced with permission.52 Copyright 2016, Macmillan Publishers 
Limited. B) i Time-sequence images (top view) of reversible light-induced motion of a water 
droplet (≈5 μL) on a horizontal POS. Insets show schematic in top view of ∇T changes within 
droplet. ii Time sequence images (top view) of sequentially light-induced coalescence of 
droplets on POS. There are eight water droplets (numbered with 1–8, volume of each droplet 
varies between ≈3 and 5 μL). Droplet 1 can be moved to coalesce with droplet 2 and sequentially 
coalesce with others to form a larger droplet along a designed “heart”-shaped trajectory in 106 s. 
Yellow dashed lines in each image indicate transport trail of droplet. Reproduced with 
permission.65 Copyright 2018, Wiley-VCH. 
creating liquid-coated convex asymmetric structures at the millimeter scale, as seen in Figure 
1.2A, led to six-fold increase in accumulative droplet growth (coalescence) over flat controls, 
and could also induce droplet transport, which moved opposite the force of gravity.52 A further 
liquid-infused surface fabricated on a stretchable elastomer with aligned microscale wrinkles 
was found to accelerate droplet coalescence in the direction of alignment.53 Stretching was also 
used in conjunction with liquid-infused surfaces made with inverse opal patterning as a method 
of reporting the wetting state of the surface. Upon stretching, the wetting state transitions from 
one in which the liquid layer is present on top of the surface structure to one in which the 
surface structure is exposed. At this point the droplet pins to the surface and a color change due 
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to the disruption in transparency of the inverse opal film is visible.54 Other approaches have 
made use of structured surface gradients such as V-shaped ramps to influence droplet motion.55 
Mathematical modeling of these systems was used to predict the interfacial tension and 
therefore the speed with which the droplet was driven along the gradient.56 A different strategy 
using gravitational forces was implemented in an omnifluidic device. Using a titanium dioxide 
nano-textured surface, microchannels were created within the liquid-infused surface via UV 
exposure in defined patterns. This set-up resulted in solvents with less affinity for the infusing 
layer than the surface displacing the liquid and entering the microchannel for gravity-driven 
transport and droplet mixing.57 In another method of controlling droplet movement, 
polyelectrolyte films in a layer-by-layer assembly were patterned on an otherwise flat film. 
When infused and then subjected to mild shear stress, the infusing liquid was depleted from the 
flat areas while remaining on the textured areas. Droplets moving along the surface would pin 
on the flat regions, but continue to move over the textured regions, resulting in a guided 
pathway.58 A defined-pathway approach using a liquid-infused surface was also described for 
directing the movement of underwater bubbles.59 an approach which may prove useful in the 
PON testing of gaseous compounds.  
1.2.2. Active Control via Temperature 
Active control of liquid droplets can be achieved using stimulus-response platforms.60 
and when combined with liquid-infused surfaces offers a range of possibilities for dynamic and 
complex droplet-handling systems. Liquid-layer-facilitated droplet manipulation via thermal 
stimuli was the first method to branch out from the passive structural approach. Exposure to 
temperatures exceeding 200 °C was found to increase droplet velocity by 1,000 times compared 
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to a room-temperature control.61 A study using a gradient from 70 °C to 20 °C showed a 
similarly increased droplet velocity, changing by a factor of five from the cool end to the warm 
end.62 Surfaces with temperature-controlled tunable wettability have also been developed using 
paraffin wax as the infusing “liquid”. Transition between the cool, solid wax and the warm 
liquid wax resulted in a change from pinned to free-moving droplet.63,64 Tuned light scattering 
due to the transition in state of the wax was used as a method for self-reporting of wettability 
transition states with these surfaces.63 Temperature gradient drivers for droplet motion have 
also been created using near infrared-light irradiation (NIR) on infused photoresponsive 
organogels which incorporated Fe3O4 in the liquid layer.65 Illumination with NIR light resulted 
in localized temperature gradients, which could be used to influence the pathway of the 
droplet. An advantage of the photoresponsive organogel is that it retains the ability to stimulate 
droplet movement in a fully reversible manner. This setup allowed for sequential droplet 
coalescence and real-time droplet guidance (Figure 1.2B).  
1.2.3. Active Control via Electrical Stimulation 
In addition to temperature, electrical stimulation has also emerged as a method to 
manipulate droplet motion on liquid-infused surfaces. When using reduced graphene oxide 
films as the surface substrate, voltage pinning was achieved below 10 V for water droplets and 
below 2 V for KCl droplets.66 Other work used silicone oil as an infusing liquid on a fluorinated 
membrane coated with a fluorinated silane self-assembled monolayer.67 In this unique setup in  
which the surface chemistry was mismatched with the infusing liquid chemistry (in contrast to 
most other liquid-infused surfaces where the surface and liquid chemistry are similar), the 




Figure 1.3. A) i Pictures showing the different oscillation 
modes of a 20 μL water droplet on a horizontally placed 
dynamically actuated poroelastic film at frequencies 
ranging from 23-261 Hz with voltage amplitude of 14 kV. 
Four pictures for each mode of self-oscillation at a time 
interval of a quarter of the periodicity T. ii Pictures before, 
during and after the mixing of two 20 μL droplets on the 
dynamic poroelastic film actuated at 147 Hz frequency 
and 12 kV voltage. iii Pictures in time sequence showing 
jetting of a 20 μL water droplet placed on the dynamic 
poroelastic film actuated at 154 Hz frequency and 16 kV 
voltage. Reproduced with permission.68 Copyright 2018, 
Wiley-VCH. B) Side view images of a droplet of glycerol 
on a spiral dielectrowetting device. Reproduced with 
permission.69 Copyright 2017, AIP Publishing. 
V to 5 V presumably due to the 
ease with which the 
mismatched chemistry allowed 
dewetting of the surface. 
Beyond voltage pinning and 
manipulation of contact angles, 
liquid-infused surfaces have 
also been used to facilitate the 
manipulation of the shape and 
dynamics of droplets. Liquid-
infused dielectric elastomers 
akin to muscle tissue were used 
to elongate droplets vertically, 
cause oscillations within the 
droplet, induce accelerated 
multi-droplet collisions and 
mixing, and even propel of 
droplets vertically off the 
surface (Figure 1.3A) by 
inducing substrate oscillations 
from 23 to 261 Hz.68 Further 
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work showed that exposing a liquid-infused surface created on gold to a 275 V electric field 
could reversibly deform a droplet into a thin film, as seen in Figure 1.3B.69 The improvement of 
digital microfluidics represents another potential application of liquid-infused surfaces.70 
Building off of traditional microfluidics, digital microfluidics incorporate electrode circuits to 
manipulate droplets electrostatic forces. Digital microfluidic devices could have their droplet 
control mechanisms optimized with the integration of a liquid-infused surface. Surface acoustic 
wave technology combined with liquid-infused surfaces71 may improve upon the introduction 
and work-flow of pump-based microfluidic cell sorters, especially in regards to the introduction 
of a sample into the device.72 
1.2.4. Active Control via Magnetism 
While temperature and electrical control of droplets on liquid-infused surfaces have 
proven versatile, several recent works have demonstrated the capabilities of magnetically-
driven systems as a method to achieve unique outcomes with droplet and even particles. In a 
magnetically-actuated liquid-infused system, the liquid is infused with magnetic nanoparticles 
to create a ferrofluid which can be moved and shaped when exposed to a magnetic field. When 
moving droplets across such a surface, the wrapping layer plays a critical role as its 
encapsulation of the droplet allows the ferrofluid to act as a vehicle to be manipulated by 
magnetic fields. Using this approach, even weak magnetic fields are able to vertically elongate 
droplets, induce droplet coalescence (Figure 1.4A), and guide droplet movement.73 Using a 
ferrofluid layer covering a hexagonal nickel array, micro particles could be segregated into 
discreet groups by magnetically depleting the ferrofluid in the center of each  hexagon, as seen 
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 in Figure 1.4B.74 A further study 
examined the effects of the strength of 
the magnetic field and the 
concentration of the ferrofluid on 
droplet moment, finding that these 
parameters can be  tuned to control the 
speed of gravity-driven droplets as 
well the degree of stick-slip 
movement.75 This work also found 
nonlinear friction at work in droplets 
moving across ferrofluid-infused 
surfaces due to the presence of the 
wetting ridge, suggesting an interesting 
new set of tunable parameters for 
complex droplet manipulation strategies which may facilitate unique PON detection 
approaches.  
1.3. Use for Detection Facilitation 
The ability of liquid-infused surfaces to facilitate detection has only recently begun to be 
explored. For this reason, despite the promise of the active control of droplets on liquid-infused 
surfaces, applications have mainly used passive droplet control. However, the breakthrough 
potential demonstrated by passive liquid-infused surfaces in detection scenarios suggests a 
promising future of applications using active droplet control.   
Figure 1.4. (A) Two water droplets (dye used to 
color droplets) are placed on ferrofluid-infused 
surface. A magnet is lowered vertically directly 
between droplets and causes them to move toward 
one another and coalesce. Reproduced with 
permission.73 Copyright 2014, AIP Publishing. (B) 
Schematic (top) and confocal fluorescence (bottom, 
showing top view) images showing the 
confinement of colloidal particles by the macro-
topographical response of a thin layer of ferrofluid 
alone and the confinement of colloidal particles. 
Schematics are not shown to scale. Reproduced 




In one of the first reports of the use of liquid-infused surfaces to facilitate detection, sub-
femtomolar analyte detection via surface-enhanced Raman scattering (SERS) was made possible 
due to the ultra-low friction surfaces presented by liquid-infused materials.76 Droplets 
containing extremely dilute concentrations of a model analyte were concentrated via 
 
Figure 1.5. (A) Liquid-phase detection of biological species and environmental pollutants 
using SLIPS and surface-enhanced Raman spectroscopy (SERS): i Schematic illustration of 
the liquid phase detection. ii BSA in water. iii DEHP in ethanol. Reproduced with 
permission.76 Copyright 2016, the National Academy of Sciences of the United States of 
America. (B) i Side-view and ii top-down photographs of noncoalescing water droplets with 
inserted electrodes. Reproduced with permission.77 Copyright 2014, the National Academy 
of Sciences of the United States of America. (C) Formation of patterned liquid surfaces: i 
Bacteria cultured on the substrate adhere to the hydrophilic areas but are repelled by the 
SLIPS regions. ii Fluorescence staining and image analysis of P. aeruginosa biofilm on 
hydrophilic squares separated by SLIPS barriers. Reproduced with permission.79 Copyright 
2016, Wiley-VCH.  
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evaporation on an infused surface. The low friction of the surface allowed all of the analyte 
molecules to remain within the shrinking droplet, rather than getting pinned at the edges in a 
coffee-ring effect. After all the solvent evaporated away, the concentrated point of analyte 
molecules was able to be detected using surface-enhanced Raman scattering (Figure 1.5A).  
In a second breakthrough, a platform was designed to monitor diffusion across a lipid 
bilayer formed between non-coalescing droplets.77 This setup took advantage of an inherent 
wrapping layer to create two stable droplets on the liquid-infused surface. When the droplets 
contained phospholipids, it was found that the lipids would migrate toward the interface 
between the two droplets and replace the wrapping layer, creating a stable bilayer. Importantly, 
this droplet- supported bilayer was stable in air under ambient temperature and pressure, as 
opposed to the previous requirement that the entire system be submerged in oil to maintain the 
integrity of the lipid layer. Initial measurements on these supported bilayers included 
measuring single-channel gating events across the membrane using standard electrodes (Figure 
1.5B), demonstrating sensitivity in addition to stability, which may be useful in PON detection 
of aerosols.  
The rise of multi-drug-resistant pathogens poses a number of challenges, some of which 
may be addressed with earlier detection. Toward this goal, a third breakthrough saw the use of  
liquid-infused surfaces as templates to create liquid-liquid micro-patterns though guided liquid 
displacement.78 When exposed to bacteria, discreet biofilm micro-clusters with defined 
geometries such as those shown in Figure 1.5C could be formed.79 High-throughput PON 
antibiotic susceptibility test using this approach could play an important role in speeding 
effective treatment and controlling the spread of resistant microorganisms. 
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1.4. Conclusions  
With the increasing level of danger posed by antibiotic resistance, environmental 
contamination, the spread of infectious diseases, and harmful applications of synthetic biology, 
technologies which provide more efficient and more effective ways of providing information at 
the point of need will be increasingly in demand. The ability of liquid-infused surfaces to enable 
the control of droplet movement both passively and actively, as well as facilitate detection 
through liquid manipulation methods not possible on solid surfaces, provides a new set of tools 
for enabling efficient and effective PON detection systems and may be useful in improving the 
performance of existing technologies.  
As liquid-infused surface technology has only recently come to the forefront as an 
effective and versatile droplet manipulation method, the creative application and adaptation of 
these systems is an underpopulated area ripe for research. For example, open-channel analyte80 
and gas-exchange81 detection platforms could benefit from liquid-infused surfaces which limit 
sample loss via evaporation or surface adhesion, while simultaneously providing a method of 
sample concentration. The range of molecules being detected, and methods of biological sample 
analysis conducted by potentiostat-based bandages82,83 could be expanded due to the ability of 
liquid-infused surfaces platforms to resist adhesion by complex biological samples. 
Environmental testing using multi-droplet analysis84 could benefit from the electrically- and 
magnetically-controlled liquid-infused platforms to facilitate droplet translation and mixing. 
And finally, current detection platforms which handle and manipulate microliter sample 
volumes could be conducted in an open-channel analysis format without risk of rapid 
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evaporation. In these applications and others, liquid-infused surfaces may prove one of the keys 
necessary to develop the PON detection systems of the future. 
1.5. Acknowledgements 
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FABRICATION OF LOW-COST PAPER-BASED PLATFORMS  
2.1. Introduction 
Paper is currently a prominent and versatile platform on which to create POC 
technologies due to its low cost, portability, and wide availabilty.10,85–87 Paper, a renewable and 
biodegradable resource, is widely used in biotechnological applications ranging from relatively 
simple microfluidics87–89 to complex analytical devices,90–93 many of which are either already in 
or actively being moved to market.86,94 Further expanding the use of paper-based technology 
will require addressing current limitations of the platform. For example, nearly all paper-based 
systems rely on capillary action to move fluid from one location to another. Although this 
completely passive approach to liquid handling is beneficial in that it does not require pumping 
or other energy input, the distribution in diameter and length of the natural fibers that comprise 
paper can result in the delivery of an inconsistent volume of liquid to the detection site,86 and 
can cause a volume loss of up to 50% as the pores of the paper substrate are filled with the 
sample liquid.91 While this may not affect tests in which the sample volume is large, it may 
hinder the use of paper-based POC tests in which the sample volume is expected to be small or 
in which there is a low concentration of analyte present. In addition, the fibrous nature of paper 
hinders the flow of large particles, making it difficult to transport cells over distances without 
significant losses.95 While traditional laboratory procedures like centrifugation and filtration are 
efficient methods of bacterial sample preparation, they are often not engineered for operation in 




As discussed in Chapter 1, liquid-infused surfaces have recently generated interest as a 
class of materials which can be used to repel a wide range of biologically-relevant fluids,16,21 as 
well as mammalian cells17,96 and bacteria.18,39 These systems make use of a thin layer of 
immiscible liquid immobilized on the surface of a chemically-matched polymer, which is 
saturated with an excess amount of the liquid and serves as a reservoir to replenish the surface 
when it becomes depleted.19,39,40,41,45,97 The type of infusing liquid can be selected from a range of 
options based on the intended application, but non-toxic silicone oils are often used together 
with polydimethylsiloxane (PDMS) polymers as both are relatively low-cost, widely available, 
and immiscible with water-based biological samples. In studies on infused polymers, the 
samples are frequently solid polymer blocks39,41,44,98–100 or coatings for rigid materials such as 
glass96 or plastic,17 despite the fact that such polymers can be used to coat a variety of different 
flexible materials, including fabric101 and paper.59  
In this chapter, paper substrates are synergistically combined with infused polymer 
surfaces in an effort to expand the capabilities of paper-based fluid handling systems for 
complex samples. Results from surface characterization tests show that the low adhesion 
properties of liquid-infused surfaces are preserved when fabricated on a range of different 
paper substrates, including a commercially-produced silicone release paper. With a suitable 
paper substrate to fabricate liquid-infused surfaces, the next chapter will leverage the paper’s 
foldability to manipulate waterborne samples. 
2.2. Fabrication of Liquid-Infused Surfaces 
Samples of paper measuring 26 cm2 (5.1 cm × 5.1 cm) were sourced from Staples 
multipurpose copier paper, Whatman #1001-240 11 µm filter paper, HP brochure paper 180g, 
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and Leneta RP-1K silicone release paper (SRP). To fabricate liquid-infused polymers, Sylgard 
184 PDMS was mixed in a 10:1 ratio of base to crosslinker and manually coated onto samples of 
paper (with the exception of the pre-coated SRP) using a 9.5 mm stainless steel applicator rod 
with a wet film thickness of 102.5 µm. Blocks of 10:1 PDMS were prepared by pouring the 
mixture into petri dishes and degassing the mixture under vacuum for 30 minutes. The curing 
of all PDMS surfaces was performed at 70°C in an Isotemp 60L Oven FA (Thermo Fisher 
Scientific, Pittsburgh, PA) for three hours followed by immersion in 10 cSt PDMS oil for 24 h to 
infuse samples and form the liquid layer. Once removed from the PDMS immersion, 
oversaturation of the PDMS oil was removed by tilting the samples vertically to allow run-off. 
2.3. Characterization of Liquid-Infused Surfaces 
2.3.1. Materials and Methods 
A dyed 50 µL water droplet (200uL FD&C Blue #1 dye in 50mL of water) was placed 
onto each of the dry control surfaces and liquid layer surfaces and images were taken with an 
EOS Rebel T5 camera (Canon, Taipei City, Taiwan). Contact angle measurements from each 
surface image were collected using the low-bond axisymmetric drop shape analysis ImageJ 
plug-in.102 Sliding angle measurements were collected on dry (n=5) and liquid layer (n=5) 
squares (5.1 cm x 5.1 cm) for both SRP and PDMS. These samples were placed onto an 
adjustable angle stage, initially positioned at 0° relative to the benchtop. A 30 µL droplet of 
deionized water was pipetted onto the sample surface and the stage was manually tilted until 
the sustained droplet movement across the surface was observed, upon which the digital angle 
gauge’s reading was recorded. Droplet speed measurements of the dry control (n=5) and liquid 
layer (n=5) SRP and PDMS samples were conducted on the tilt stage at a fixed angle of 30° 
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relative to the benchtop. A 30 µL droplet of deionized water was pipetted onto the sample 
surface and a stopwatch was used to time the interval between when the leading edge of the 
droplet crossed the start and finish demarcations, spaced 6.4 cm apart. The rate of uptake for the 
PDMS oil into SRP was calculated as the SRP’s change in mass over time (Fig. A.1). Sliding 
angle and droplet racing measurements were collected on dry (n=1) and liquid-infused (n=1) 
squares (5.1 cm x 5.1 cm) for the printer paper, brochure paper, and filter paper (Fig. A.2). The 
same protocol listed above was used for these tests with one exception, the droplet racing was 
performed at a fixed 15°, compared to the above 30° relative to the benchtop. 
2.3.2. Results and Discussion 
To test the versatility of liquid-infused polymer system on paper, we fabricated liquid 
layers on four different types of paper substrates. The first three substrate types were standard 
printer paper, brochure paper, and filter paper; all of which were hand-coated with a ~100 µm 
overlayer of a standard PDMS polymer (Sylgard 184) using a draw-down bar to control 
thickness. The fourth substrate type was a commercially available SRP, which came pre-coated 
with a thin layer of siloxane for a total sheet height of 127 µm. Figure 2.1A shows images of the 
four substrates before coating (above) and after coating and infusing with a PDMS liquid 
(below) to create the liquid-infused surface.39,45 A droplet of dyed water is included to 
demonstrate the change in surface properties before and after coating and infusion. As 
expected, before infusion the water droplet eventually soaked into all paper substrates except 
for the SRP, where it was prevented from doing so by the siloxane coating. After coating and 
infusion, the contact angle of the dyed water droplet was consistent across all samples at 95° 
±4°. To test the functionality of these materials, the minimum angle at which a 30 µL droplet of 
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Figure 2.1. A) Images of different paper substrates types with a 50 µL droplet of dyed water 
to show the substrate-liquid interaction before (above) and after (below) coating and 
infusion. SRP indicates commercial silicone release paper. Scale bars are 10 mm in length. B) 
Angle at which a water droplet would slide down the substrate surface for dry controls 
(light grey) vs samples with a liquid layer (dark blue) for both SRP and PDMS (n=5). C) 
Speed at which a water droplet would travel from point to to point tf on either a dry control 
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water would slide was assessed,36,103 along with measurements of the speed with which the 
droplet  moved along the surface.31,104 SRP was chosen as the focus for these experiments as it 
was the most simple to fabricate of the four and was expected to be the least prone to variability 
due to its commercial manufacture; however, similar results were also observed for the three 
hand-coated samples types (Fig. A.2). Tests were conducted using solid blocks of infused PDMS 
for comparison. Figure 2.1B shows the results of the sliding angle tests for both the infused and 
dry (non-infused) substrates. The droplets on the dry materials show very high sliding angles: 
32.2 ±0.3° for the dry SRP and 45°, the test’s maximum value, for the dry PDMS blocks. In 
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contrast, the infused versions of both sample types gave sliding angle values of 2.1 ±4.3° and 2.4 
±1.1° for the SRP and PDMS, respectively, demonstrating very low adhesion of the water 
droplet on the surface.15 The sliding angle results were echoed in the droplet speed tests shown 
in Figure 2.1C, where the droplets moved on the dry control surfaces at a rate of 0.3 ±0.1 cm/s 
for SRP and 0 cm/s (no movement) for the PDMS. For the samples with a liquid layer, the rates 
increased to 24.1 ±1.8 cm/s for SRP and 18.8 ±1.8 cm/s. Together, these results demonstrate that 
functional infused polymer surfaces can be fabricated on different paper substrate types. 
Importantly, they further indicate that this effect can be achieved on a commercially available 
substrate (SRP) using a simple 30-minute infusion in silicone oil (Fig. A.1), building on previous 
work using gas-phase chemical functionalization of paper surfaces followed by addition of a 
liquid layer to create fluid-repellant surfaces105 or dip-coating paper with a PDMS/silica 
nanoparticle solution followed by infusion.59  
2.4. Bacterial Retention Tests 
2.4.1. Materials and Methods 
Sylgard 184 silicone elastomer base and curing agent were mixed in a 10:1 ratio to create 
1 mm thick PDMS sheets. After 1 h of degassing, the polymer was placed in the oven at 70°C 
until cured. The PDMS sheets were then cut to match the size of a glass microscope slide. SRP 
was also prepared to match the size of a glass microscope slide. Stock solutions of Escherichia coli 
EMG2 with the protein expression plasmid pBBR-MCS5 GFP in 2 mL of miller lysogeny broth 
and Staphylococcus aureus NCTC8532) in 2 mL of tryptic soy broth were prepared in a shaker 
incubator (MaxQ 6000, Thermo Fisher Scientific, Pittsburgh, PA) at 37°C and 70 rpm for 18 h. 
The S. aureus stock was then dyed with SYTO 9 green fluorescent nucleic acid stain. The liquid-
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infused surfaces for both PDMS and SRP (n=3) were infused in 10cSt PDMS oil overnight. Dry 
control surfaces for PDMS and SRP (n=3) were immersed in 95% methanol for 10 minutes before 
testing to aid in the removal of dust particles from the surface. Surfaces were then placed on 
standard glass microscope slides. A 50 µL bacterial droplet was placed onto the top of each 
surface and slides were tilted until the sustained movement of the droplet occurred down the 
entire surface length. Surfaces were imaged using an EVOS FL AUTO inverted fluorescence 
microscope (Life Technologies, Carlsbad, CA) using its GFP LED light cube. PDMS surfaces 
were imaged with the surface upright, whereas the SRP surfaces required an additional slide to 
sandwich the surface and were placed on the stage with the surface side towards the lens. 
PDMS surfaces were imaged with a user-generated scan centered at the middle of the droplet’s 
pathway which was a 3x30 composite with the 10X objective. The SRP dry controls were imaged 
at three locations along the droplet’s pathway with 10×, 20×, and 40× objectives. SRP surfaces 
with a liquid layer were imaged at three locations along the droplet’s pathway with z-stacking 
to capture images every ~18 µm along the z-axis to capture various positions on the SRP’s 
surface. Fluorescent images collected were analyzed with ImageJ. 
2.4.2. Results and Discussion 
When considering the handling of biological and environmental samples, the 
preservation of high levels of antigen during translation between the sample inlet and detection 
site is critical, as is the delivery of a precise and repeatable volume. This has historically been a 
problem in traditional paper-based lateral flow assays as variable amounts of the fluid volume, 
in some cases up to 50%,91 can become trapped within the paper fibers during capillary flow.86 




Figure 2.2. A) Schematic of the experimental setup: a droplet containing concentrated 
bacterial solution slides across the sample surface (left) and the path is imaged after the 
droplet has passed (right). B) Representative fluorescent microscopy images (top) and 
fluorescent intensity measurement plots (bottom) of the sample surface after passage of a 
droplet containing E. coli over dry control PDMS (i) and PDMS with a liquid layer (ii). C) 
Representative images (above) and intensity plots (below) after passage of a droplet 






































































































which contain larger particles, such as bacteria.95 In contrast, many prior studies on liquid-
infused polymers and other liquid-infused surfaces have demonstrated the ability of these 
systems to permit the movement of an entire liquid droplet from one point to the other,106,107 as 
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well as resist the irreversible adhesion of bacterial cells.18,45 However, there have not yet been 
investigations into the ability of liquid-infused surfaces to resist adhesion of bacterial cells 
within a droplet moving across a surface; a point which could help mitigate the loss of  large 
particles during sample translation in paper-based systems. To test this, we examined the 
liquid-infused surfaces after the passage of a 50 µL droplet of a nutrient medium densely 
packed with bacterial cells (107-108 CFU/mL); the results are shown in Figure 2.2. Two different 
bacterial species were used in this experiment, E. coli and S. aureus, due to their clinical and 
environment relevance108–111 as well as different surface adhesion strategies.112,113 A schematic of 
the experimental setup is illustrated Figure 2.2A. For these tests, transparent PDMS blocks are 
shown to avoid interference from the autofluorescence of the cellulose fibers within the paper; 
similar results were seen on the SRP samples (Fig. A.3). 
Figure 2.2Bi shows a representative image of one sample (out of 3) from the tests with a 
droplet containing E. coli moving across a dry control surface (above) and its corresponding 
fluorescent intensity plot (below). Scan for all of the replicates are presented in Figure A.4. 
Microdroplets containing bacteria, the result of droplet breakup, can be seen along the 
movement pathway in the image of the sample surface with the corresponding peaks in 
intensity plotted below. In Figure 2.2Bii, however, there is no fluorescent signal evident on the 
image of the infused polymer surface after the droplet has passed, either in the image or the 
plot below. A representative result for the corresponding experiments with S. aureus across a 
dry control surface and liquid-infused surface are given in Figures 2.2Ci and 2.2Cii, 
respectively. Scans for all of the replicates are presented in Figure A.5. Upon movement across 
the dry surface, the droplet appears to leave behind a path of individual cells as opposed to 
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microdroplets that were observed for the E.coli-containing droplet. However, similar to the 
results for E. coli on the liquid-infused surface, no fluorescent signal is detected on the infused 
surface suggesting that no bacteria are left behind. These results are in agreement with multiple 
previous studies showing reduced adhesion of bacterial cells after exposure of liquid-infused 
surfaces in bulk media.18,39,45 
2.5. Conclusion 
The results presented in this chapter demonstrate the ability to fabricate paper-based 
liquid infused polymer surfaces for a low-cost platform. We have demonstrated how printer, 
brochure, and filter paper, as well as paper mass-manufactured with a silicone coating, can be 
used as substrates for liquid-infused surfaces. Where most of the bulk paper substrates required 
coating with PDMS before infusion, the commercially available SRP’s existing silicone layer 
enabled this substrate to be infused without any surface modifications. The likeness between 
the infused PDMS and infused SRP’s sliding angle and droplet speed measurements indicated 
that these were two functional liquid-infused surfaces. With the supporting information that the 
infused PDMS system did not retain bacterial droplets as they slide across its surface, the SRP 
substrate was selected to move forward with droplet manipulation experiments. The next stage 
of this project will leverage paper’s foldability to create geometric designs to manipulate 
waterborne samples for applications in austere and resource-limited settings.   
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LEVERAGING GEOMETRIC MANIPULATIONS OF PAPER-BASED PLATFORMS TO 
HANDLE WATERBORNE SAMPLES 
3.1. Introduction 
The 21st century has seen a rise of the biotechnology industry driven by increasingly 
innovative healthcare solutions. In recent years, inexpensive and robust biotech platforms that 
permit health assessment and treatment at the point of care or point of need have been of 
growing interest due to their ability to be used in rural or resource-limited environments.2,11,12 
Point-of-care (POC) technology is increasingly in demand to serve as a low-cost alternative to 
traditional laboratory equipment,2,12,114,115 to monitor the spread of epidemics,116 and to track 
biological threats that can arise after natural disasters.117,118 In the design of POC systems, built-
in sample handling methods which can accommodate the often complex test sample are 
desirable as they allow for easier use and increased accuracy of the final result.106 This chapter 
will apply the paper-based liquid-infused surfaces developed in Chapter 2 to simultaneously 
localize and concentrate waterborne samples.  
By folding the paper into functional 3D geometries, we demonstrate how the 
combination of the slippery overlayer with the paper substrate can be used to precisely control 
the location and form of a liquid sample containing a model analyte (rhodamine) undergoing 
concentration via evaporation. Furthermore, we demonstrate how this principle can be applied 
to simultaneously concentrate and localize a solution containing bacterial cells. These results 
demonstrate the potential of liquid-infused surfaces on foldable paper substrates for the 
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handling of complex solutions, and may provide new sample handling options in the design of 
portable and power-free platforms for application in resource-limited settings. 
3.2. Localization of Dyed Solutions 
3.2.1. Materials and Methods of Geometric Manipulations to Localize Dyed Solutions 
With the materials from Chapter 2, SRP was folded into three functional geometries: 
single cups, arrayed cups, and multichannel vessels. The dry controls of each geometry were 
left untreated, and the liquid-infused surfaces for each geometry were submerged in 10 cSt 
PDMS oil overnight. Upon removal, the single cups and each cup within the array were filled 
with 3 mL of 0.01% rhodamine 6G solution in deionized water. The multichannel vessels were 
filled with 90 mL of the 0.01% rhodamine 6G solution. The vessels were inserted into the oven 
at 50°C. An EOS Rebel T5 camera was used to image the dry control cups (n=3) at time 0 and 
22.5 h, and the cups with a liquid layer (n=3) were imaged at time 0 and 138 h during 
evaporation. ImageJ was used to analyze the color intensity, recorded as arbitrary units (au), 
along the median line of the single cups for the 22.5 h images of the dry control and 138 h 
images of the liquid layer. Images of the dry control arrays (n=3) were taken at time 0, 3.5, and 
24 h; the liquid layer arrays (n=3) were taken at time 0, 22, and 139 h throughout the 
evaporation process. The dry control (n=3) and liquid layer (n=3) multichannel vessels were 
imaged at time 0, 12, and 24 h during evaporation.  
3.2.2. Results and Discussion of Localizing Dyed Solutions 
Paper’s ability to be folded is unlike most solid materials that have previously been used 
as substrates for liquid-infused surfaces. Folding paper substrates can be used to produce 3D 
geometries that hold liquid, resembling pockets or cups, as previously demonstrated by Glavan 
29 
 
Figure 3.1. A) Images of paper with dry control surfaces (i) and liquid-infused surfaces (ii) 
folded into cups containing 3 mL of a rhodamine dye solution. The initial solution (left) is 
compared to near total evaporation (right). B) Measurements of the dye’s intensity along the 
line of analysis of the dye remaining on the dry control surfaces (i) and liquid-infused 
surfaces (ii) for three independent samples after evaporation using ImageJ. Insert: image 
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and Whitesides et al.105 Furthermore, Yang and Wong et al.76 have recently shown that liquid-
infused surfaces can concentrate biological and environmental compounds in solution. We 
investigated how these two concepts could be synergistically combined to yield the 
simultaneous concentration and localization of an analyte-containing solution in SRP cups with 
 a liquid-infused surface. A solution of 0.01% rhodamine 6G dye in distilled water was placed in 
the cups and allowed to evaporate at 50°C. The sample analyte used, rhodamine 6G, provides a 
color contrast ideal for conducting image analysis detailing sample localization. This technique 
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enables macroscale level analysis unattainable with biological samples, however, it does not 
account for interactions of bacterial samples, such as adhesion, replication, and cell death. 
Figure 3.1A shows the rhodamine solution with the cups before and after evaporation. Before 
evaporation, each cup contained 3 mL of the rhodamine solution. In addition, cups with the 
liquid layer show the reflective liquid coating on both the sides of the cup and wrapped over 
the sample, as previously reported.29,36,37 After evaporation, the dye is spread across the walls of 
the bottom third of the control cup, compared to the cups with a liquid layer which show all of 
the dye collected at a discrete point at the bottom. Cups with a liquid layer continued to have 
the sample covered with a layer of the infusing liquid, preventing the rhodamine solution from 
being completely dried out. Figure 3.1B shows the localization of the rhodamine dye as an 
increase in intensity relative to location. Measurements of the dry controls display several 
spikes in intensity across the cup diameter (9.5 ±1.3 mm), while samples with the liquid-infused 
surfaces show a single plateaued intensity spike of uniform width (4.4 ±0.6 mm). Further 
investigation of the SRP cups infused with viscosities ranging from 1.5 cSt to 10 cSt is detailed in 
Appendix B. Evaporation-assisted localization at 70°C is shown in Figure B.1 and at ambient 
room-temperature is shown in Figure B.2. 
The 3D geometry of the folded cups was designed to localize the sample into a pre-
defined location (the lowest point of the cup) as evaporation acted upon the sample. In Figure 
3.1A it is evident that the dyed sample trended towards a general localization at the bottom 
point in both the dry controls and the samples with the liquid layers; however, it can also be 
seen that more rhodamine was successfully localized in target area in samples with liquid-
infused surfaces. Previous work has indicated that the presence of an immiscible surface liquid 
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Figure 3.2. a) Images of an array of cups at 
before (top), during (mid), and after (bottom) 
evaporation of a rhodamine dye solution for 
samples made with dry control surfaces (i) and 
liquid-infused surfaces (ii). B) Schematic 
outlining the functioning of a sample 
geometries designed to separate one contiguous 
volume of liquid into three separate 
concentrated volumes (i) followed by images of 
the geometries made with either dry control 
surfaces (ii) or liquid-infused surfaces (iii). Scale 
bars in (A) and (B) are 20 mm in length.  
t=0
t=0







layer enables evaporation of a droplet 
with a nearly constant contact angle.34 This 
effect can be leveraged to concentrate very 
dilute solutions on a flat surface due to the 
fact that particles contained within the 
droplet do not become trapped at the 
contact line.76 The liquid layer shifts the 
flow of molecules within the solution 
during evaporation from the surface to the 
top of the solution rather than outward 
toward the contact line, preventing the 
coffee ring effect.119,120 A lack of contact 
line pinning and associated particle 
buildup appears to be occurring on the 
liquid-infused surfaces presented here, 
helping to guide the majority of the 
rhodamine dye particles to precisely 
localize at the predetermined points within the folded paper cups. In addition, the presence of a 
wrapping layer over the samples on liquid-infused surfaces prevented the rhodamine sample 
from evaporating completely: these samples were still liquid after ~138 h compared to controls 
which dried completely after only ~23 h at 50°C. This observation may prove useful in 
applications where having the sample remain in a liquid state is desirable for further processing 
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and analysis. In addition, the rate of sample evaporation could likely be tuned by changing the 
volatility of the infusing liquid.45  
Figure 3.2 shows the concept of geometry-defined sample localization expanded into an 
array format. In Figure 3.2A, images of an array of five cups filled with the rhodamine dye 
solution are shown before, during, and after evaporation at 50℃ are presented. The effect is the 
same as in the single cup shown in Figure 3.1: the dry controls have dye remaining along the 
walls of the cups (Fig. 3.2Ai) while the cups with a liquid layer show all the dye collected at 
defined points (Fig. 3.2Aii). Figure 3.2Bi shows an array geometry which separates one large 
sample volume into three separate concentrated volumes via evaporation. Images of the dry 
control (Fig. 3.2Bii) and liquid layer ([Fig. 3.2Biii) samples are presented before, during (~12 h), 
and after evaporation (~24 h). After 12 h, both the control and liquid layer samples have 
transitioned from one contiguous sample volume into three separate sample volumes within 
the channels. It can be seen that the samples on dry control surfaces have a non-uniform contact 
line between the sample and the walls at 12 h. After 24 h, the control has approached total 
evaporation and the rhodamine dye is non-uniformly adsorbed along the lower edges of the 
channel walls. In contrast, the samples with the liquid layer showed highly uniform behavior 
throughout evaporation, and even lines of concentrated sample after 24 h. In both cases, some 
rhodamine dye was present at the ridges in between the channels, suggesting that where the 
paper was folded outwards the integrity of the silicone coating was compromised and 
rhodamine to seep through to the paper layer underneath. This effect was much more 
pronounced in the dry control samples, however, as the silicone coating liquid in the liquid-
infused samples likely saturated the paper and prevented the dye from adhering.  
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3.3. Concentration of Bacterial Samples 
3.3.1. Materials and Methods  
The single cup geometry from Section 3.2.1 was used to contain bacterial solutions 
during evaporation. For the liquid layer condition, 36 cups were submerged in 10 cSt PDMS oil 
overnight, and 36 cups were left unaltered to serve as the dry control. Stock solutions of E. coli 
and S. aureus were prepared in 2 mL of Miller LB incubated at 37℃ for 18 h, and 2 mL of TSB 
incubated at 37℃ for 9 h, respectively. Stock solutions were serially diluted into 0.1X PBS to 
reach a colony forming unit (CFU) count of 105 CFU/mL. Dilute PBS was used to yield a final 
concentration of 1.0X when the sample reached minimum volume (10X). A 3 mL volume of this 
solution was added into each of the cups, which were placed in an incubator set at 40℃ and 
loaded with trays of magnesium sulfate to aid the evaporation process. Three stages of analysis 
were established as independent ranges of volumetric concentration within the cups, 
corresponding to a roughly three-fold (1mL), five-fold (0.6mL), and ten-fold (0.3mL) changes in 
volume, reached after 5.5 (±0.25), 7.5 (±0.25), and 10.3 (±0.7) h, respectively. The final volumes of 
each cup were removed with a syringe and the volume recorded. All experimental conditions 
were performed with an n=6 except for the liquid layer samples containing S. aureus, which had 
an n=5. Post-evaporation CFU counts were conducted by spreading 100 µL of a diluted sample 
onto LB growth plates for E. coli and TSB growth plates for S. aureus; a control plate of the 0.1X 
PBS was also prepared for CFU analysis. All CFU plates were counted after 24 h of incubation. 
A paired two-tailed t-test (Microsoft Excel) was used to determine statistical significance. A 
confidence interval of 95% was used with assumptions of a continuous dependent variable, 
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independent observations, normal distribution of the dependent variable, and absence of 
outliers were made.  
3.3.2. Results and Discussion 
One of the limitations of many paper-based detection platforms is a lack in 
sensitivity,8,11,121,122 which can present challenges in applications where the concentrations of 
analytes may be relatively low. To address this, samples can be concentrated on-site via 
methods such as centrifugation8,11,123 or filtration10,85  for biomolecules, or a growth-based 
enrichment step for microorganisms.8,122 However, these processes often require additional 
equipment or resources. Alternative methods which can achieve the result of concentration 
without the need for additional materials could therefore prove valuable in the expansion of 
paper-based technology. Tests were conducted to determine whether the simultaneous 
concentration and localization effects observed in Figures 3.1 and 3.2 could be applied to 
clinically-relevant samples. For these experiments, we chose bacteria as targets due to their 
importance in both medicine and the environment, as well as their active surface adhesion 
tendencies: bacteria are well-known to seek out and irreversibly attach to surfaces in the first 
step of biofilm formation.112,124  
Figure 3.3 presents the effect of the concentration of bacterial cells in solution via 
evaporation in dry control versus liquid-infused cups. As shown in the schematic in Figure 
3.3(a), as evaporation progresses, it is expected that bacterial cells in the dry control surfaces 
will stick to the sides of the cup, while samples in the liquid layer surfaces will slide into the 
bottom of the cup, similar to what was seen in Figures 3.1 and 3.2 with the rhodamine dye. 
Figure 3.3B shows the number of gram-negative E. coli cells present in the cups as the liquid 
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Figure 3.3. A) Schematic of the evaporation process on bacteria-containing liquid sample 
in cups made with dry control surfaces (left) and liquid-infused surfaces (right). B) The 
number of colony-forming units per mL in liquid containing E. coli taken before 
evaporation (3.0 mL liquid volume) as well as at three points during evaporation (1.0, 
0.6, and 0.3 mL liquid volumes). Counts are shown for samples with dry control surfaces 
(open circles) as well as with liquid-infused surfaces (filled diamonds). C) Results from a 























































volume decreases due to evaporation. Samples were initially loaded with 3 mL of a 0.1X PBS 
solution containing 1.5×106 CFU/mL. After ~5.5 h of evaporation at 40℃, the liquid volume in  
the cups had reached approximately 1 mL (a 3X concentration). At this point, both the dry 
controls and the samples with the liquid layer had relatively similar CFU values (1.2×106 
±7.5×105 and 2.0×106 ±6.4×106, respectively). After ~7.5 h, analysis conducted via a paired two-
sample t-test revealed that difference had widened to a significantly different 5.9×106 ±1.1×106 
CFU/mL in the dry control cups and 1.1×107 ±3.4×106 CFU/mL in the cups with the liquid layers 
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(P=0.008). Finally, after ~10.5 h, the control samples showed 1.0×107 ±5.4x106 compared to 3.4×107 
±9.6x106 CFU/mL for the samples with the liquid layers (P=0.004).  
In comparison, Figure 3.3C shows the data collected in a similar experiment conducted 
with the gram-positive S. aureus. The initial 3 mL of 0.1X PBS solution contained 6.0×105 
CFU/mL. After ~5.5 h at 40℃, the volume within the cups had reached 1 mL in which bacterial 
concentrations measured 1.2×106 ±5.0×105 and 1.6×106 ±1.4×105 CFU/mL for dry control and 
liquid layer samples, respectively. After ~7.5 h there was a minimal change in concentration, 
with the dry control at 8.7×105 ±3.8x105 CFU/mL and the liquid layer at 1.6×106 ±8.6×105 CFU/mL. 
The final observation was conducted after ~10 h where the dry control showed 1.4×106 ±4.2×105 
CFU/mL and the sample on a liquid layer 2.7×106 ±9.0×105 CFU/mL (P=0.06). 
The results shown in Figure 3.3 support the hypothesis that the presence of a liquid 
layer contributes to a higher concentration of bacterial cells in a solution concentrated by 
evaporation than dry controls for E. coli. However, the total number of cells in the solution at 
the last two analysis times also suggest that these bacteria were growing during the evaporation 
process: at the final time point, the volume was concentrated 10 times (3 mL to 0.3 mL). If the 
starting concentration of bacterial cells was concentrated 10 times, the result would have been 
1.4×107 CFU/mL; however, the measured value for the samples with the liquid layer was almost 
2.5 times that value (3.4×107 CFU/mL), indicating growth. This increase observed in the E. coli 
data set should not be anticipated for all waterborne samples, as several confounding variables 
may have contributed to the 2.5-fold concentration above expectation. Additional experiments 
would be required to explore the factors contributing to the growth of the bacteria during the 
concentration process. One potential factor was the presence of a small amount of medium 
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present in the starting concentration which itself became concentrated as evaporation 
progressed, as well as the established non-toxicity of the silicone oil in the samples with liquid 
surfaces.36 Often, collections of waterborne samples do not meet the thresholds required for 
detection via point-of-care or culture-based analysis.125,126 Increasing the number of bacteria 
within a sample by providing them with growth media, known as an enrichment step, is a 
commonly used method to improve the detection limit of bacterial tests.109 The observation that 
this can be done in conjunction with evaporative concentration may prove useful in engineering 
bacterial sample preparation platforms. It should be noted, however, that proper dilution of the 
sample is critical prior to evaporation, as simultaneous concentration of salts and other 
materials along with the bacterial cells could have an adverse effect on the latter’s ability to 
grow. Over-concentration could lead to high levels of salts in the solution and subsequent 
bacterial dehydration, resulting in cellular death. The most extreme concentration in this study 
finished with bacteria in 0.3 mL of ~1.0X PBS solution, providing an environment that avoided 
dehydration and osmotic stress on the bacterial cells.  
The results for S. aureus are less clear. Each point of analysis showed that solutions in 
cups with a liquid layer were more concentrated than the corresponding dry control samples. 
However, none of these differences were statistically significant, including for the most 
concenterated sample (P=0.06). The difference in results between E. coli and S. aureus may be 
due to environmental sensitivity: S. aureus begins to experience temperature-related death near 
43 ℃,127 compared to E. coli near 47 ℃.128 Although set at 40 ℃, the incubators likely 
experienced some fluctuations in temperature which may have contributed to the observed 
results. However, the lack of a difference as large as those seen for E. coli between dry controls 
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and cups with liquid layers suggest that S. aureus is likely interacting with the liquid layer in a 
different way. This observation agrees with previous results that have shown differences in 
how different species18 or even different strains of bacteria interact with liquid layers.129 
Nevertheless, the results indicate that liquid-infused polymers on paper can be used to 
concentrate bacteria in solution. 
3.4. Summary and Conclusions 
The results presented in this work show how paper substrates can be combined with 
liquid-infused surfaces to form functional platforms for the simultaneous localization and 
concentration of rhodamine dye solutions as well as media containing E. coli and S. aureus cells. 
When the paper substrates with liquid-infused surfaces were folded into cups, they could be 
used to simultaneously concentrate and localize a solution of rhodamine dye into target points 
at the bottom of the cups much more efficiently than samples without a liquid coating. This 
approach could be expanded into an array format with multiple cups, as well as to a multi-
channel vessel which intrinsically separated a single large sample volume into three discrete 
lines of concentrated solution. Simultaneous concentration and localization was also 
investigated for solutions containing E. coli and S. aureus. Significantly more E. coli cells were 
observed in the samples with liquid-infused surfaces compared to dry controls. An increase in 
the number of S. aureus cells was also observed for samples with liquid-infused coatings, 
although this number did not rise to the level of significance.  These findings demonstrate how 
liquid-infused polymers can be used as a functional surface coating in conjunction with defined 
sample geometry to achieve synergistic effects, and may prove useful in the development of 
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SYSTEM DESIGN AND EVALUATION OF BIOAEROSOL GENERATION AND 
FILTRATION FOR AIRBORNE SAMPLE HANDLING 
4.1. Background 
As the world hurries to take back control over SARS-CoV-2, the viral pathogen causing 
the COVID-19 pandemic, scientific efforts behind countermeasures and pathogen identification 
have gained increased attention.130 From both a public health and national security standpoint, 
it is critical to have a functioning biosurveillance infrastructure to monitor the presence and 
spread of biological threats.116,131 Knowledge of the pathogens that are transmitted via the 
aerosol route is limited,132–134 and this knowledge is compounded as the pathogens that make up 
bioaerosols will likely change as climate patterns shift.135 Furthermore, such strategies are 
needed in space where the immune system, microbial growth,136 and bioaerosol dynamics137 are 
much different than on Earth. The collection and identification of airborne pathogens is 
important not only for monitoring potential exposure, but to conduct bioinformatic analysis to 
track mutations and shifts in the genomics and proteomics of the pathogen.132 In addition to 
tracking changes within a known pathogen, biosurveillance is need for monitoring high risk 
environments. Travel hubs and modes of mass transportation are of particular concern due to 
the risk of human-to-human transmission, as well as spreading the disease to a new 
region.131,138,139 Biosurveillance measures are also needed to monitor the presence and spread of 
pathogens that cause hospital-acquired infections, for both patients and health care 
workers.134,140–143 While much of the focus is on the identification of transmissible pathogens, 
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airborne bacteria also account for a range of health issues from allegories, asthma, autoimmune 
disorders, and have been linked to mental health.143  
To conduct surveillance of bioaerosols, scientists turn to a variety of air samplers. Two 
factors which influence the type of sampler used are the environment in which the sampler is 
deployed and the desired analysis.144,145 Liquid impingers are often turned to when maintaining 
viability is desired; however, these platforms can face issues of sample loss, re-aerosolization, 
and low capture efficiency.146,147 While filter-based sampling offers the best range of particle size 
capture, factors such as desiccation and impaction can reduce the viability of captured 
pathogens.145,147,148 One modification to filter-based sampling to increase pathogen viability and 
transfer is to use gelatin filters, but the lack of temperature stability limited the operational 
parameters to short-duration use, even in moderate temperatures.149  
Liquid net (LN) filtration aims to improve the performance of filter-based air samplers 
by providing a catch-and-release mechanism. To get the benefits of liquid impingers while 
maintaining the versatility of filters, a liquid layer is added to the filter substrate.  Previously, 
liquids have been added to filtration membranes to produce liquid-gated membranes,19,150 in 
which the infusing liquid is selected to have chemical affinity to the filter.16 In turn, the infusing 
liquid forms a “gate” which can be deformed and reformed as a the threshold transmembrane 
pressure is first surpassed and then falls back below that threshold pressure, respectively.150 
Most studies using the liquid gate approach have used commercial polytetrafluoroethylene 
(PTFE) filters and infused with a PFPE oil;19,150–152 although others have used elastomers,153 
polyvinylidene fluoride (PVDF) membranes,154–156 functionalized polyethylene terephthalate 
(PET),157 and electrochemical surface modifications to stainless steel.158 These systems have 
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primary been studied as a filter for multiphase separations,150,153,158 separating emulsions,157 
preventing fouling of inorganic matter,152,158 increasing flux recovery against organic foulants,19 
and improving the durability of filters for water treatment.158  
In this chapter, the concept of a liquid net filtration, in which liquid coats the filter fibers 
and is used to capture and release airborne pathogens is established. Presented in this chapter 
are three aerosol generation and filtration systems used to evaluate the performance of the 
liquid nets. The first system used a bubbler flask to generate aerosolized E. coli but was not 
selected due to its variance in droplet generation over time. The second aerosolization and 
filtration design used a syringe nebulizer in which the aerosol generated did not exit the aerosol 
chamber. The third and final design implemented ultrasonic diffuser, which provided an 
acceptable method of aerosol generation. The successful pilot run results with the ultrasonic 
diffuser system led to this design being used to analyze the performance of liquid nets for all 
subsequent chapters. 
4.2. Bubbler Flask Design 
4.2.1. Fabrication 
The first filtration system assembled, depicted in Figure 4.1, was modified from the 
system designed to assess flux recovery in liquid-gated membranes.19 A 500 mL filtration flask 
(Pyrex) was sealed with a rubber stopper modified with a section of high-density polyethene 
tubing (1/8” inner diameter, ¼” outer diameter) that extended into the base of the flask. This 
component served as the source flask, designed to generate aerosols as the PV-35 vacuum 
pump (Precision Scientific Co.) pulled air through the polyethylene tubing into the bacterial 
solution within the flask, causing bubbling and aerosol generation. Once aerosols were 
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Figure 4.1. A) Image of the first aerosolization system, the bubbler flask design. B) Process 











generated, the negative pressure pulled the air through a parallel split, in which one line 
contained a QF-16 stainless steel filter housing (Kurt J. Lesker Co.) in which held the filters, and 
the other parallel line was set with a pressure gauge (SMC) to observe transmembrane pressure. 
If any aerosol bypassed the filters, they were collected in a 500 mL vacuum trap and dewar flask 
(Chemglass Life Sciences) before damaging the vacuum pump. 
4.2.2. Materials and Methods 
Stock solutions of E. coli EMG2 with the protein expression plasmid pBBR-MCS5 GFP in 
2 mL of LB Miller containing 5 µg/mL gentamicin sulfate were prepared in a shaker incubator at 
37 °C and 100 rpm for 20 h. From the stock solution, 1 mL of stock was diluted into 9 mL of 1× 
PBS. The bacterial solution within the source flask was comprised of 1 mL of the diluted E. coli 
stock and 400 mL of 1× PBS, for a final concentration of ~8.3×105 cells/mL. 
 Unlaminated 1.0 µm PTFE filters were purchased from Sterlitech Corp and were cut to 
the size of the housing for a diameter of 17 mm, a cross sectional area of ~2.3 cm2. The low 
viscosity (82 cSt) Krytox 103 or high viscosity (1535 cSt) Krytox 107 PFPE oils (DuPont) was 
pipetted on top to infuse the filters. Both a low (90 µL) and high (180 µL) infusing volumes were 
tested as these were determined to be the near minimum and near maximum infusion limits. 
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For the filtration tests, pre-cut filters, either infused or dry control, were loaded into the filter 
housing. The source flask was disconnected from the system while the vacuum pump ran for a 
three-minute primer to deform the PFPE liquid and open any blocked pores. The flask was 
immediately reconnected, and the system was run for another three minutes as aerosols were 
generated. One set of PTFE filters had a recovery period of 15 minutes, while another set of 
filters had a 30-minute recovery period. These isolation periods were based on flux recovery 
data previously observed in liquid-gated membranes, where a 15% and 60% recovery of initial 
membrane flux was achieved after a 15- and 30-minute recovery periods, respectively.19 Once 
the isolation times were completed, the filters were physically impressed onto LB agar plates 
three times. Plates were incubated at 37 °C for 24 hours before CFU counts were recorded. 
4.2.3. Testing and Conclusions 
Evaluation of the control PTFE and PTFE-Liquid Nets (PTFE-LNs) was conducted by 
normalizing the CFU totals of two data sets, for a total of 9 independent filters (n=9) per 
infusion and isolation condition. Details on the original CFU counts and normalized data for 
these sets are provided in Appendix C. Normalization for each filter was conducted by dividing 
the total CFUs transferred and dividing it by the starting concentration of the E. coli solution 
within the source flask. Since multiple runs with different starting concentrations were used, 
normalization was needed for comparable results. Those averages and standard deviations 
were then multiplied by 105 to bring values greater than 1.0 for easier visual analysis. The 
results of this analysis are presented in Figure 4.2, in which the grey bars are the averages of the 
PTFE and PTFE-LNs that underwent a 15-minute recovery, and the navy bars are the 




Figure 4.2. Normalized CFU counts generated from control PTFE and each infusion 
condition of the PTFE-LNs from the bubbler flask design. Grey bars plotted represent the 
average and standard deviation for filters that underwent a 15-minute recovery, while navy 


























recovery period were the control PTFE filters, in which the normalized values for the 15-minute 
recovery period were 6.53 ±8.75 CFU/membrane, and the 30-minute 1.79 ±1.88 CFU/membrane. 
Similarly, the highest CFU counts were both the PTFE-LNs infused with 90 µL of Krytox 107: 
the 15-minute recovery yielded 70.3 ±60.3 CFU/membrane, while the 30-minute recovery gave 
64.6 ±47.0 CFU/membrane. 
The large standard deviation within each experimental condition is a result of the 
inherent variability within the aerosolization system. The source flask is serving as a batch 
system depleted by 3-minute aerosol periods per filter. Due to the aerosol generation occurring 
at the base of the solution volume, total exposure varied from the first filter of the run to the 




Figure 4.3. Image of the second aerosolization system, the syringe nebulizer design. The 
compressed air supply (top right) forced the E. coli solution from the 3 mL syringe (bottom 
center) through the 20-gauge needle to form an aerosol stream. That stream was enclosed 
within the aerosol chamber as the vacuum pump pulled the stream towards the filter 
housing, (left center) in which the system remained the same from the previous design.  
Filter Housing
Compressed Air Supply Line




factors. While the bubbler system provided preliminary testing for filter fabrication and liquid 
net viability, improvements needed to be made to generate a viable data set.  
4.3. Syringe Nebulizer Design 
4.3.1. Fabrication 
After assessment of the previous system’s failures, improvements to aerosol delivery 
were prioritized. Inspiration for the second aerosolization system came from syringe nebulizers 
often used to administer intranasal medication. For this new system, shown in Figure 4.3, a 
compressed air line was installed connected to a flowmeter (Dwyer Instruments) to control the 
flowrate. The outgoing airline was connected to the first port on a four-way stop cock. The 
middle port of the stop cock served as the Leur taper connection for a 3 mL syringe containing 
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the E. coli solution, and the final port was fixed with a 20-gauge needle that was inserted and 
sealed into an aerosol chamber. An air inlet port was drilled and capped with a 0.2 µm air filter 
(Pall Corporation) to maintain a sterile flow of air through the chamber. The aerosol chamber, a 
modified 19.7 cm diameter vacuum desiccator (Bel-Art), replaced the source flask (seen in Fig. 
4.1) from the previous bubbler flask system.  
4.3.2. Materials and Methods 
Stock solutions of E. coli were cultured following the protocol listed in Section 4.2.2. 
From the stock solutions and 1× PBS, two serial dilutions were performed. Unlaminated 1.0 µm 
PTFE filters were cut and infused, again following the procedure in Section 4.2.2. Two data sets 
were generated following this protocol, where each of the following filter conditions had a 
sample size of n=3: dry control, 90 µL K103, and 90 µL K107. The first data set used E. coli at a 
concentration of 1.74×107 CFU/mL, while the second data set used 1.74×106 CFU/mL. 
To test filtration, a PTFE filter was loaded into the filter housing. The vacuum pump ran 
for a three-minute primer to deform the PFPE liquid and open any blocked pores. Following the 
three-minute primer the flowmeter was opened to 450 cc/min and the 3 mL of E. coli solution 
was injected into the system. Once all 3 mL were aerosolized, the flowmeter was returned to 0 
cc/min and the vacuum remained on for a one-minute dwell time to clear any remaining 
aerosol. The PTFE filters were isolated for 15 minutes before stamping onto LB agar plates three 
times. Plates were incubated at 37 °C for 24 hours before CFU counts were recorded. 
4.3.3. Testing and Conclusions  
Several iterations of the syringe nebulizer system were tested before the protocol from 
Section 4.3.2. was implemented for the best chance at success. In this approach, multiple data 
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sets were collected, using high concentration of E. coli, and a high flowrate to generate a fine 
aerosol mist. However, the results from the best-case scenario again resulted in unacceptably 
large variation (see complete data set in Appendix D). The mode of CFUs transferred and 
counted was 0 for all but the PTFE-LNs infused with Krytox 107 and exposed to 1.74×107 
CFU/mL, in which the total counts for the three LNs were 0, 1, and 2 CFUs. The main limitation 
in this system was considered to be the size of the aerosol chamber. After the completion of 
each data the aerosolized E. coli solution that was retained formed a pool of liquid at the base of 
the aerosol chamber. The dispersion pattern and velocity of the aerosol mist were too great 
compared to the size of the chamber and resulted in ~70-90% of the sample impacting the walls 
of the chamber. The design of the next system needed to generate an aerosol mist that could be 
suspended within the aerosol chamber but pulled through the system’s tubing to be filtered by 
the control PTFE and PTFE-LNs.  
4.4. Ultrasonic Diffuser Design 
4.4.1. Fabrication 
To resolve issues related to the generation of the aerosol, the syringe nebulizer was 
swapped out for an ultrasonic diffuser. The ultrasonic diffuser (InnoGear) operates as a batch 
system, capable of holding 100 mL of bacterial solution. Similar ultrasonic diffusers have shown 
their devices generate aerosols with an average diameter of 3.4 µm.159 The diffuser was placed 
in the aerosol chamber, as depicted in Figure 4.4. All modifications to the chamber were sealed 
with silicone caulking. Again, negative pressure was pulled across the filters placed in a QF-16 
stainless steel housing and obtained using a PV-35 vacuum pump. Transmembrane pressure 
was observed using a pressure gauge, preceded by a Vacushield filter (Pall Corporation) to 
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Figure 4.4. Image of the ultrasonic diffuser aerosolization system within a biological safety 
















prevent contamination within the line. Bypassed aerosol droplets were collected in a vacuum 
trap and dewar flask. All experiments conducted using the ultrasonic diffuser were performed 
with the system placed within a biological safety cabinet.  
4.4.2. Aerosolization and Filtration Materials and Methods 
Stock solutions of E.coli were cultured following the protocol from Section 4.2.2. Serial 
dilutions of the stock were conducted into 1× PBS and adjusted to an optical density at 600 nm 
(GENESYS 10S UV-Vis, Thermo Fisher Scientific) of 0.004A relative to the 1× PBS blank, 
bringing the starting concentration between 105–106 CFU/mL. A volume of 80 mL was placed 
into the ultrasonic diffuser. Dry control filters and LNs were randomized for their run order in 
the filtration. Once the filter was placed in the housing, a one-minute cycle with only the 
vacuum powered on, to deform the liquid around the pores, was run. Immediately following 
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that phase was the six-minute aerosolization stage in which the ultrasonic diffuser and vacuum 
were both running. Once six minutes was reached, the diffuser was turned off while the 
vacuum remained on for one minute to clear the aerosol chamber. Then, the filter was removed 
from the housing and placed into a conical tube for a set recovery phase. After the recovery 
phase the filters were physically impressed onto LB Miller agar plates (containing 5 µg/mL 
gentamicin sulfate) applying pressure by sweeping curved forceps over the entire filter. Each 
filter was impressed nine consecutive times. Plates were then incubated at 37 °C for 24 h before 
conducting CFU counts. 
4.5. Conclusions  
In this chapter, several aerosol generation and filtration systems were designed to test 
the performance of liquid nets, a filter with liquid-coated fibers used to capture and release 
airborne pathogens. The first system tested was the bubbler flask design. The variation in 
droplet generation over time required modifications to the aerosol generation mechanism. The 
second system accounted for this by using a syringe nebulizer and an aerosol chamber. 
However, this system experienced high aerosol retention with the chamber, preventing the 
aerosol to reach the filter housing. The third and final system was replaced the syringe 
nebulizer with an ultrasonic diffuser. This system generated a consistent aerosol mist that 
filtered through the system aerosol chamber and to the filter housing, as expected. The positive 
results of the ultrasonic diffuser system meant that a standard mechanism for evaluation of 
liquid nets was established. Using the ultrasonic diffuser system, the next step was to 
investigate how altering parameters like the pore size and infusing properties affected the 




Parts of this chapter are being prepared for peer-review publication and have been 





OPTIMIZATION OF PTFE FILTERS FOR LIQUID NET FILTRATION 
5.1. Introduction 
In the previous chapter, the concept of liquid net filtration was introduced and the 
aerosolization system needed to test LN filtration was established. As mentioned in Section 
4.1.3, the engineering behind liquid nets is rooted in the field of liquid-infused surfaces (LIS). 
While previous studies have used LIS principles to create liquid-gated membranes for 
applications like phase separations and wastewater treatment, no group has applied such 
materials for bioaerosol filtration. Here, PTFE filters and PFPE lubricant oil are used to 
investigate the optimal parameters for LN filtration by evaluating the transfer of captured 
aerosolized E. coli via bacterial culture analysis. Filters were physically impressed onto agar 
plates to transfer and grow the captured E. coli from each dry control filter and LN run through 
the system. While gross CFU counts are used to evaluate the total capture-and-release 
performance of the filters and PTFE-LNs, a new metric, the bioaerosol rate of release value, is 
introduced to analyze filter performance. This normalized metric, or R-value, provides insight 
as to the retention of the total captured load over each physical removal step. The properties of 
LNs should result in improved rate of release, as shown by lower R-values, over those of the 
dry control filters as the infused PFPE oil is expected to separate from the surface along with 
any associated pathogens. Specifically, this improvement should manifest in the results as lower 
R-values earlier in the stamping cycle and staying near or at zero once it is approached.   
This chapter set out to establish the optimal configuration and parameters for LN 
filtration using PTFE filters and PFPE infusing oil. Previous studies using liquid-gated 
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membranes showed that a longer recovery phase and a higher viscosity yielded greater 
membrane flux recovery compared to shorter recovery phases and lower viscosities.19 
Therefore, the effects of PFPE viscosity, PFPE infusing volume, recovery time, and pore size 
were evaluated with PTFE membranes. The first optimization tests were conducted using PTFE 
filters with a 1.0 µm pore size. PTFE-LNs were fabricated using both low (82 cSt) and high 
viscosity (1535 cSt) PFPE Krytox oils. For each viscosity, a low volume, or near minimum 
volume required for homogenous infusion, and a high volume, the near maximum amount of 
oil applied before over-saturation, of the PFPE oil was used and infusion density (volume of 
PFPE oil over the cross-sectional area) was calculated. These filters were then run through the 
filtration cycle and tested over three different recovery phases: 0-, 15-, and 30-minutes. Based on 
the information from the 1.0 µm tests, 10 µm liquid nets were then tested for their optimal 
configuration. The final study aimed to understand the effects of temperature over a 24-hour 
recovery phase. The effect of temperature over an elongated period was performed to 
understand the potential shelf-life between filtration and pathogen release for laboratory and 
remote settings. The results presented in this chapter demonstrate the ability of liquid nets to 
capture and release aerosolized E. coli at significantly lower R-values than bare PTFE filters, 
providing a new application of liquid-infused surface in liquid net filtration.  
5.2. Materials and Methods 
All filters were cut to the size of the housing for a diameter of 17 mm/cross sectional area 
of ~2.27 cm2. Unlaminated 1.0 and 10 µm PTFE filters were purchased from Sterlitech Corp. The 
low viscosity, 82 cSt, Krytox 103 (K103) and high viscosity, 1535 cSt, Krytox 107 (K107) PFPE oils 
(DuPont) was pipetted on top to infuse filters. For the 1.0 µm pore size filters, the low volume, 
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80 µL, and high volume, 160 µL, infusing values were prepared as detailed in Table 5.1. The 
volume/area dose of 13.6 ±1.1 µL/cm2 aligned with the reported 13 µL/cm2 of K103 on 5.0 µm 
PTFE filters.152 These infusion volumes were halved for the 10 µm pore size filters, as the 10 µm 
filters are nearly half as thick, at 130 µm, compared to the 1.0 µm filters (203-305 µm).  
Table 5.1. List of PTFE-LNs with Corresponding Infusing Liquid Properties 




1.0 µm PTFE 80 103 82 13.6 ±1.1 
1.0 µm PTFE 80 107 1535 20.1 ±3.2 
1.0 µm PTFE 160 103 82 15.3 ±1.8 
1.0 µm PTFE 160 107 1538 33.1 ±3.5 
10 µm PTFE 40 103 82 7.5 ±1.2 
10 µm PTFE 40 107 1535 16.3 ±2.1 
10 µm PTFE 80 103 82 8.8 ±0.5 
10 µm PTFE 80 107 1538 27.4 ±2.8 
 
5.2.1. Surface Characterization 
Bare PTFE filters (n=3) were used to conduct contact angle measurements. A 10 µL water 
droplet (200 µL FD&C Blue #1 dye in 50 mL of water) was placed onto each of the bare filter 
surfaces. Each independent filter was tested in three locations. Images were taken with an EOS 
5D Mark II camera (Canon) and measured using the low-bond axisymmetric drop shape 
analysis ImageJ plug-in.102 Sliding angle measurements were collected on all bare control filters 
and the Liquid Nets listed in Table 5.1. Three independent filters were tested (n=3) with five 
replicates per filter. Samples were set at 0° on an adjustable angle stage with a digital angle 
gauge (AccuMASTER, Calculated Industries). A 25 µL water droplet (200 µL of FD&C Yellow 
#5 and FD&C Blue #1 dye in 50 µL of water) was pipetted onto the filter surface, then the stage 
was manually tilted until sustained droplet movement was observed and the gauge’s angle 
reading was recorded. Scanning electron microscopy (SEM) images were capture on an AMRay 
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1820 set to 10 kV. Prior to imaging, dry control filters were mounted with adhesive carbon tapes 
on aluminum stubes. The samples were then sputter coated (Cressington) with gold-palladium 
until the coating was 4 nm thick. 
5.2.2. 1.0 µm Pore Size Recovery 
Three independent experiments were conducted to investigate the effects of the recovery 
phase on 1.0 µm PTFE filters. A sample size of n=3 was used for each experiment, including 
three bare control PTFE filters and three of each 1.0 µm PTFE filter listed in Table 5.1. The 
filtration protocol previously detailed in Section 4.4.2 was used for each of the three 
experiments, in which recovery phases of 0-, 15-, and 30-minutes were used for each new 
experiment, respectively. The run order of the filters was randomized (see Appendix E for 
order). Statistical analysis of the rate of release R-values (Section 5.2.5) for PTFE-LNs was 
conducted in R-Studio by a 3×2×2 ANOVA, Tukey’s Honest Significant Difference (HSD) post 
hoc tests, in which interactions within and/or between the recovery phase, volume, and 
viscosity were investigated. Analysis between the control PTFE filters and the PTFE-LNs was 
conducted via Welch two-sample t-tests. For samples not meeting the assumption of normality 
then the Mann-Whitney Non-Parametric Analysis was performed. If the PTFE-LN with the 
lowest R-value did not have a P-Value ≤ 0.05, then no more comparisons were performed for 
that stamp number.  
5.2.3. 10 µm Pore Size Recovery 
Two independent experiments were conducted to investigate the effects of the recovery 
phase on 10 µm PTFE filters. A sample size of n=3 was used for each experiment, including 
three bare control PTFE filters and three of each 10 µm PTFE filter listed in Table 5.1. The 
56 
 
filtration protocol previously detailed in Section 4.4.2 was followed with one amendment, in 
which the filtration system and loaded diffuser were run for a 15-minute build-up phase before 
running the first filter. This change was implemented after preliminary tests where CFUs were 
not transferred for the first 3–5 filters, and then a steady increase in CFUs growth continued 
thereafter. The first experiment set the recovery phase to 15 minutes, while the second 
experiment was set to 30 minutes. The run order of the filters was randomized, available in 
Appendix F. Statistical analysis of the PTFE-LNs across every recovery experiment was 
conducted by a 2×2×2 ANOVA and Tukey’s HSD post hoc tests within R-Studio. Following the 
protocol described in Section 5.2.2, the rate of release data for stamps 2-4 were investigated for 
statistical significance.  
5.2.4. Temperature-Based Recovery 
Twenty-seven 1.0 µm PTFE filters were prepared to investigate a 24-hour recovery at 
three different temperatures: 4 ℃, 26 ℃, and 40 ℃. Bare control filters, low volume K103, and 
high volume K103 PTFE-LNs were tested at each temperature range with sample size of n=3. 
The filtration protocol described in Section 4.4.2 was followed; however, the volume loaded 
into the ultrasonic diffuser was increased from 80 mL to 90 mL, with an additional 50 mL added 
after the 15th filter was cycled. An alternating run order was followed as detailed in Appendix 
G. Statistical analysis was conducted via two-factor ANOVAs in R-Studio, with Tukey’s HSD 
post hoc tests, in which interactions within and between the recovery temperature and infusion 
volume were investigated in relation to the total CFUs transferred, and then the rate of release 
R-values. Again, significant interactions between the dry controls and the PTFE-LNs were 
conducted following the steps in Section 5.2.2. 
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Figure 5.1. A) Table of transferred CFUs for each stamp of four theoretical filters. B) Table of 
the calculated Rate of Release values for the each of the four theoretical filters. C) Graph of 
theoretical Rate of Release values. Theoretical 1, black boxes, maintained a value of 1 for 
every stamp (R=1). Theoretical 2, light blue triangles, decreased by 0.1 (RS=RS-1-10) each 
stamp. Theoretical 3, blue circles, was halved every stamp (RS=RS-1/2). Theoretical 4, grey 
blue diamonds, decreased by a factor of 5 (RS=RS-1/5) until it reached zero at stamp number 5.  
Stamp 1 Stamp 2 Stamp 3 Stamp 4 Stamp 5 Stamp 6 Stamp 7 Stamp 8 Stamp 9
Theoretical 1 100 100 100 100 100 100 100 100 100
Theoretical 2 100 90 80 70 60 50 40 30 20
Theoretical 3 200 100 50 25 12 6 3 1 0
Theoretical 4 125 25 5 1 0 0 0 0 0
Stamp 1 Stamp 2 Stamp 3 Stamp 4 Stamp 5 Stamp 6 Stamp 7 Stamp 8 Stamp 9
Theoretical 1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Theoretical 2 1.00 0.90 0.80 0.70 0.60 0.50 0.40 0.30 0.20
Theoretical 3 1.00 0.50 0.25 0.13 0.06 0.03 0.02 0.01 0.00































5.2.5. Rate of Release Calculation 
The main analysis used to evaluate the performance of the dry controls and LNs was the 
trend in each filters Rate of Release. The Rate of Release (RS) was calculated as the amount of 
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CFUs (CS) transferred during each stamp over the amount of CFUs transferred during the initial 
stamp (Ci): 
RS = CS/Ci 
This value was computed on each stamp for every filter tested, thereby normalizing each filter’s 
first stamp to a value of 1. Thus, the fewer stamps a filter takes to approach and maintain an R-
value near 0, the better the filter is at releasing its captured bioaerosol load as demonstrated in 
Figure 5.1. This becomes increasingly important for pathogens that exist in low concentration 
among the physical ratio of bioaerosol particulates. These pathogens are prone to be 
misrepresented in cultural analysis when if the total capture-load is not transferred from the 
filter. Therefore, it is important to account for a filter’s rate of release when determining their 
performance for air sampling.  
5.3. Results and Discussion 
5.3.1. Surface Characterization 
To understand the surface topography of the dry control PTFE filters, SEM images were 
collected. The 1.0 µm pore size PTFE filters exhibited a microrough surface, as seen in Figure 
5.2A. Contact angle measurements were conducted on the 1.0 µm PTFE filters to further 
investigate the bare filter’s surface properties (Fig. 5.2B). The bare PTFE filters (n=3) exhibited a 
contact angle of 133 ±3°. These results reaffirm the fact that PTFE is a hydrophobic material. The 
low standard deviation indicates the relative homogeneity of hydrophobicity across the surface 
of the bare PTFE filters. The final characteristic experiment conducted on the 1.0 µm PTFE filters 
was the sliding angle analysis (Fig. 5.2C). These measurements were conducted with a 25 µL 
water droplet to understand the compatibility and wetting between the PTFE substrate and  
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Figure 5.2. A) SEM image at 200× magnification of 1.0 µm PTFE filter’s surface. B) 
Representative image of PTFE’s contact angle. C) Sliding angle measurements graphed for 
the bare PTFE control (black) and each 1.0 µm PTFE-LN: 80 µL K103 (light blue), 80 µL K107 

























PFPE infusing liquid. For the bare PTFE filter, the sliding angle was relatively high at 24.6 ± 4.8°. 
For PTFE filters infused with the low viscosity K103, the sliding angle measurements yielded 
values of 5.1 ±3.8° (infused with 80 µL) and 8.5 ±3.0° (infused with 160 µL). Similarly, filters 
infused with the high viscosity K107 were recorded at 2.5 ±1.3° (infused with 80 µL) and 4.8 
±3.3° (infused with 160 µL). The decrease in tilt angle by infusing the bare PTFE filter with the 
PFPE lubricant is consistent with previous studies on liquid-infused surfaces.16,106,160 The sliding 
angle metric is indicative of the liquid layer’s interaction with the material surface. Low sliding 
angles indicate a stable liquid layer in which the droplet can freely flow across the liquid’s 
surface, whereas higher sliding angles are most likely due to strong interactions with the filter’s 
surface, causing droplet pinning. These surface property results support the claim that PTFE 
filters infused with PFPE oil form liquid-infused surfaces and should perform similarly to the 
liquid-gated membranes previously published.152 
5.3.2. 1.0 µm Pore Size 
The first recovery phase investigated using the 1.0 µm PTFE filters was the 0-minute 
recovery to establish a baseline performance. For the 0-minute recovery experiment, filters were 
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Figure 5.3. Rate of release analysis for 1.0 µm PTFE control and PTFE-LNs that underwent a 
0-minute recovery phase. Plotted are the average and standard deviation values for the dry 
PTFE control as black circles, and the PTFE-LNs: 80 µL K103 plotted with light blue 
diamonds, 80 µL K107 with light green squares, 160 µL K103 navy blue diamonds, and 160 
























immediately stamped onto the agar plates once the one-minute purge phase of the aerosol 
chamber was completed. After the 24-hour incubation period, the transferred CFUs were 
counted for each stamp for analysis. The starting concentration of the E. coli-PBS solution 
loaded into the ultrasonic diffuser was 1.05×106 CFU/mL. Results from the Rate of Release 
calculations are displayed in Figure 5. 3, in which the R-value (y-axis) is plotted as a function of 
the stamp number (x-axis). Analysis from the Tukey HSD’s post hoc test investigating the 
relationship between the recovery time and infusion volume revealed a significant difference 
existed (P=0.05) between the 80 µL and 160 µL volumes for the third stamp. These PTFE filters 
infused with 80 µL of K103 and K107 had R-values of 0.043 ±0.047 and 0.046 ±0.034, 
respectively; whereas the PTFE filters infused with 160 µL of K103 and K107 had R-values of 
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0.253 ±0.091 and 0.143 ±0.103. Further analysis of the R-values at stamp number three found that 
the control PTFE filters (0.202 ±0.009) were significantly different from the 80 µL K103 PTFE-
LN’s rate of release (P=0.04) and the 160 K107 PTFE-LN’s rate of release (P=0.03) via Welch two 
sample t-tests. Analysis conducted on the CFU counts for the first stamp and total CFU transfer 
resulted in statistical significance between the control filter and the 80 µL K103, 80 µL K107, and 
160 µL K107 PTFE-LNs with P-values of 0.04, 0.009, and 0.006 respectively for total CFUs 
transferred (Table E.3). Compared to analysis of just the CFUs transferred during the first 
stamp (Table E.4), significant differences existed between the bare control and PTFE-LNs 
infused with 80 µL K107, 160 µL K103, and 160 µL K107 with P-values of 0.04, 0.05, and 0.02, 
respectively.  
The results from the 0-minute recovery data highlight how the evaluation of bare PTFE 
and PTFE-LNs must be rooted in a multifaceted approach. When looking at just the raw colony 
forming unit counts, the amount of captured pathogen transferred and cultured, the control 
PTFE filters outperformed all four LNs. For both the first stamp and total transfer analysis, the 
control PTFE filters transferred a significantly higher amount of E. coli colonies than 75% of the 
LNs. By this analysis, the bare filters would be preferred to capture-and-transfer to yield the 
highest number of pathogens in the environment after a 0-minute recovery phase. However, 
this analysis is blind to the transfer efficiency of these filters. That is where the rate of release 
analysis comes into play. As demonstrated by Figure 5.3, it is the LNs that are outperforming 
the control PTFE filters, with exception to the 160 µL K103 PTFE-LNs. Focusing on the low-
volume low-viscosity (80 µL K103) Liquid Net which had a significantly better rate of release at 
the third stamp when compared to the bare control, it is worth noting how quick this filter 
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Figure 5.4. Rate of release analysis for 1.0 µm PTFE control and PTFE-LNs that underwent a 
15-minute recovery phase. Plotted are the average and standard deviation values for the dry 
PTFE control as black circles, and the PTFE-LNs: 80 µL K103 plotted with light blue 
diamonds, 80 µL K107 with light green squares, 160 µL K103 navy blue diamonds, and 160 
























approached a rate of release near zero. These results suggest that LN filtration is preferential to 
the control filtration when releasing the total capture pathogenic load in as few steps as possible 
is required. This analytical method is important when considering pathogens of interest, or 
biological threats, that are expected to be in relative low concentration within the total 
bioaerosol composition.   
The second recovery phase explored used the 15-minute isolation period. This 
experiment was independent of the 0-minute recovery phase but was conducted and performed 
in the same manner. Loaded into the ultrasonic diffuser was a starting concentration of 4.80×105 
CFU/mL. The 15-minute recovery phase data set resulted in several differences compared to the 
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0-minute recovery baseline. The rate of release results are shown in Figure 5.4. For this data set, 
the ANOVA found no significant differences between any of the PTFE-LN configurations as 
was previously found between the infusion viscosities with the 0-minute recovery data. 
Furthermore, investigation into the control PTFE and PTFE-LNs transfer totals for both the 
cumulative count (Table E.7) and first stamp (Table E.8) found no interactions of statistical 
significance. However, Welch two sample t-tests revealed significant differences with the rate of 
release values at the third stamp between the control PTFE R-value, 0.37 ±0.03, and the high-
volume low-viscosity PTFE-LN, 0.03 ± 0.03 (P=0.0005), as well as both high viscosity PTFE-LNs: 
low-volume 0.05 ±0.06 (P=0.006) and high-volume 0.09 ±0.10 (P=0.001). This continued for the 
fourth stamp between the bare control and high-volume low-viscosity (160 µL K103) PTFE-LN, 
with a P-value of 0.05, and the low-volume low-viscosity (80 µL K103) PTFE-LN nearly 
achieving statistical significance (P=0.055). 
Results from the 15-minute recovery set indicate the potential benefits of some recovery 
period between the end of filtration and transferring captured pathogens for culture analysis.  
Unlike to the 0-minute baseline, the control PTFE filters did not significantly release more E. coli 
colonies in either the first stamp or cumulative metrics in comparison to any of the PTFE-LNs. 
Moving to the rate of release analysis (Fig. 5.4), multiple PTFE-LNs outperformed the control at 
the third and fourth stamps. It is worth drawing attention to the high-volume low-viscosity (160 
µL K103) PTFE-LN’s rate of release numbers. This PTFE-LN configuration had higher R-values 
than the control for stamps 2-4 during in the baseline data set; now for the 15-minute recovery 
data, this PTFE-LN maintained lower R-values than the control throughout all stamps and 
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Figure 5.5. Rate of release analysis for 1.0 µm PTFE control and PTFE-LNs that underwent a 
30-minute recovery phase. Plotted are the average and standard deviation values for the 
bare PTFE control as black circles, and the PTFE-LNs: 80 µL Krytox 103 plotted with light 
blue diamonds, 80 µL Krytox 107 with light green squares, 160 µL Krytox 103 navy blue 
























achieved statistical difference in stamps 3 and 4. These results suggest the need for a 15-minute 
recovery phase before stamping filters for pathogen transfer. 
Completing the recovery phase analysis of the 1.0 µm PTFE filters was the 30-minute 
recovery data set. The starting concentration for this independent set of filtrations was 6.90×105 
CFU/mL. Again, the addition of time between filtration and stamping, in this case 30-minutes, 
eliminated the statistical difference between the CFUs transferred in total (Table E.11) and 
during the first stamp (Table E.12) between the dry controls and the PTFE-LNs that was seen in 
the 0-minute baseline. Rate of release values for the bare PTFE controls and PTFE-LNs are 
displayed in Figure 5.5. However, unlike the 15-minute recovery data set, the best-performing 
(PTFE-LN with the lowest R-value) did not achieve statistical significance compared to the 
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control. In every case, stamps 2-4, the best performing PTFE-LN was the low-volume low-
viscosity (80 µL K103) configuration, the P-values in order were 0.077, 0.077, and 0.354. Since 
the ANOVA and Tukey HSD analysis indicated no significant difference between the PTFE-LN 
configurations within the 30-minute recovery data set, no further tests were conducted. 
While the final data set from the 1.0 µm time-based recovery experiments did not 
contain any significant interactions within its own data, there was one point of statistical 
significance involving this data set. The Tukey HSD post hoc test investigating the interactions 
of the recovery time between the three data sets during the second stamp yielded a P-value of 
0.05 between the 0- and 30-minute recovery data sets. This statistical significance is a result of 
the overall lower R-values at the second stamp after a 30-minute recovery (Fig. 5.5) as compared 
to the 0-minute baseline (Fig 5.2). Again, as seen for the 15-minute recovery, rate of release 
results (Fig. 5.4) for all PTFE-LNs were lower than those of the bare control. 
The improvements to PTFE-LN performance in the 15- and 30-minute as compared to 
the 0-minute baseline are reminiscent of the improvements to flux recovery reported after a 
recovery period with PTFE liquid-gated membranes, in which the liquid re-equilibriates.19 The 
improvements to the rate of release values between the 0- and 30-minute recovery sets at the 
second stamp, and  P-value of 0.0005 between the R-values of 160 µL K103 PTFE-LN and 
control at the third stamp for the 15-minute recovery are strong indicators that a recovery phase 
is necessary for Liquid Nets to efficiently transfer their pathogens for culture analysis. Previous 
work with silicone-based liquid-infused surfaces demonstrated the risk of entrapping 
microdroplets of E. coli due to embedding and formation of the wrapping layer over the 
pathogens.161 These results may account for the lower CFU transfer totals in comparison to the 
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Figure 5.6. Rate of release analysis for 10 µm PTFE control and PTFE-LNs that underwent a 
15-minute recovery phase. Plotted are the average and standard deviation values for the dry 
PTFE control as black circles, and the PTFE-LNs: 40 µL Krytox 103 plotted with light blue 
diamonds, 40 µL Krytox 107 with light green squares, 80 µL Krytox 103 navy blue 
























bare PTFE controls, as well as why the recovery phase improves the rate of release for the PTFE-
LNs.  
5.3.3. 10 µm Pore Size 
Testing on an increased pore size, 10 µm, was performed to explore a potential option in 
which less material (both PTFE an PFPE) are required, potentially providing a more economic 
LN configuration. The first data set collected with the 10 µm PTFE filters had a recovery phase 
of 15-minutes. Due to the increased pore size and decreased filter thickness, the infusing 
volumes were changed to continue using the near minimum and maximum infusing volumes. 
For the 10 µm PTFE filters, these volumes were 40 and 80 µL, with their respective infusing 
densities (µl/cm2) listed in Table 5.1. A starting concentration of 6.50×105 CFU/mL was loaded 
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into the ultrasonic diffuser. Statistical analysis conducted on the total CFUs transferred (Table 
F.3) and focused in on the first stamp (Table F.4) resulted in no significant differences between 
the controls and Liquid Nets. Furthermore, investigation of the rate of release data, Figure 5.6,   
between the best performing PTFE-LNs (lowest R-value) and control filters for stamps 2–4 all 
returned P-values > 0.05, indicating no significant difference. While there were no instances of 
statistical significance within the 15-minute recovery phase data, it worth noting that the 
general trend of the PTFE-LNs having lower R-values compared to the bare control PTFE filters 
continued, with exception to the 40 µL K103 PTFE-LNs in the second stamp, for this data set.  
The direct follow-up to the 15-minute recovery data was the 30-minute recovery 
investigation of the 10 µm PTFE filters. For this independent experiment, a starting 
concentration of 9.90×105 CFU/mL was used. As previously reported for the 15-minute recovery 
data, no significant difference was detected between the bare control filters and the PTFE-LNs 
for both the total CFU transfer (Table F.7) and the first stamp CFU counts (Table F.8). However, 
that is where the similarity in results between the two recovery phases ends. Several key 
significant interactions exist within the data from the rate of release calculations displayed in 
Figure 5.7. In the comparison of the PTFE-LNs to the bare control filters, statistical significance 
was found at the third stamp. The control PTFE filters had an R-value of 0.318 ±0.044, whereas 
the high viscosity PTFE-LNs registered R-values of 0.141 ±0.0034 (40 µL K107) and 0.063 ±0.022 
(80 µL K107); the corresponding P-values between the control filters and the high-viscosity 
PTFE-LNs were 0.01 and 0.006, by order of increasing volume. As previously noticed with the 
1.0 µm PTFE-LNs, a delayed recovery time increased the performance of the LNs rate of release. 
While stamps two and four did not yield significant differences, several significant interactions 
68 
 
Figure 5.7. Rate of release analysis for 10 µm PTFE control and PTFE-LNs that underwent a 
30-minute recovery phase. Plotted are the average and standard deviation values for the 
bare PTFE control as black circles, and the PTFE-LNs: 40 µL Krytox 103 plotted with light 
blue diamonds, 40 µL Krytox 107 with light green squares, 80 µL Krytox 103 navy blue 
























within the PTFE-LN rate of release data were noted from the ANOVA and ensuing Tukey HSD 
analysis. Specific to the 30-minute recovery, the 80 µL K107 PTFE-LNs outperformed the 80 µL 
K103 PTFE-LNs during the second stamp registering a P-value of 0.04. During the analysis of 
the second stamp’s rate of release data, significant interactions within the Viscosity, and the 
Viscosity and Volume interaction were found. For viscosity alone, the K107 and K103 had a P-
value of 0.04. Additionally, the viscosity~volume analysis resulted in a P-value of 0.05 between 
the 80 µL K107 and 80 µL K103 PTFE-LNs. The final significant interaction at the second stamp 
from the Tukey HSD analysis was between the 80 µL K107 PTFE-LN in the 15-minute data set 
(Fig. 5.6) and the 80 µL K103 PTFE-LN in the 30-minute data set (Fig. 5.7). This comparison 
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exists between the best performing PTFE-LN for the 15-minute recovery compared to the worst 
performing PTFE-LN for the 30-minute recovery set.  
The results from the 10 µm PTFE filter and liquid nets both reinforce the lessons from 
the 1.0 µm experiments while adding slight nuance to liquid net filtration. However, a relatively 
small sample size of each condition (n=3) is a limitation on the depth of the study. For both pore 
sizes, the liquid nets improved the rate of release compared to the bare control filters. However, 
the time to recovery, volume, and viscosity were all different between the two sets. The results 
from the ANOVA indicate that viscosity and volume significantly affect the performance in 
release rate for liquid net filtration. For a PTFE-LN with a 10 µm pore size, the conditions that 
yielded the best results occurred after a 30-minute recovery period with the high-volume-high-
viscosity PTFE-LN.  
5.3.4. Temperature-Based Recovery 
The final experiment with the PTFE filters was conducted to determine the effects of 
temperature over an extended 24-hour recovery period. A concentration of 1.64×106 CFU/mL of 
E. coli in PBS was used during this run. For this experiment, 27 filters were fun through the 
aerosolization and filtration protocol (Table G.1) and set to recover over the course of 24 hours 
in one of three locations, an incubator set to 40 ℃, inside the biological safety cabinet at 26 ℃, or  
in the laboratory refrigerator at 4 ℃. Each temperature condition had a set of three 1.0 µm PTFE 
bare control, and the low (80 µL) and high (160 µL) volume K103 1.0 µm PTFE-LNs. Results 
from the CFU analysis revealed all filters, including the controls and PTFE-LNs, that underwent 
recovery at 40 ℃ had zero CFUs present on all agar plates (Table G.2). Lack of E. coli colonies 




Figure 5.8. Total CFU counts for the 1.0 µm PTFE filters and liquid nets that underwent a 24-
hour recovery at 4 ℃ (light grey), 26 ℃ (dark grey), and 40 ℃ (black). The bars represent the 
average and standard deviation of three independent filters, plotted by infusion volume: dry control, 
























relatively high temperature.162 The Welch two-sample t-tests revealed no significant difference 
between the PTFE-LNs and the dry controls, shown in Figure 5.8. However, ANOVA and 
Tukey HSD tests did reveal in several key differences. The Tukey HSD post hoc test 
investigating the data within the temperature groups revealed significance difference between 
the 26 ℃ and 4 ℃ data sets, P-value 0.03 (0.0250), as well as the 40℃ and 4 ℃ data sets 
(P=0.0026). Furthermore, multiple significant differences were found within the 
temperature~volume associations. Most notably, the 160 µL PTFE-LNs between 26 ℃ and 4 ℃ 
resulted in a P-value of 0.01. The 160 µL PTFE-LNs that recovered at 4 ℃ had the highest totals 
at 54.3 ±22.4 CFUs, compared to 4.7 ±5.9 CFUs the same PTFE-LN that recovered at 26 ℃. 
Finally, the 160 µL PTFE-LN at 4 ℃ also had significant difference with both PTFE-LNs at 40 ℃, 
in which both p-values were 0.009, due to the lack of any CFUs at 40 ℃. In incidence of 
statistical significance only occurred at the second stamp. Similar to the ANOVA and Tukey 




Figure 5.9. Rate of release analysis Total CFU counts for the 1.0 µm PTFE filters and liquid 
nets that underwent a 24-hour recovery at 4 ℃ (A), and 26 ℃ (B). The dry controls (black 
circles), 80 µL of Krytox 103 (light blue squares), and 160 µL of Krytox 107 (navy blue diamonds) 
were tested in triplicate (n=3). Due to the lack of any CFUs, the 40 ℃ recovery data was not included 










































and 26 ℃ (Fig. 5.9B) with a P-value of 0.001; as well as between 4 ℃ and 40 ℃ resulting in a P-
value <0.001. Additionally, the 160 µL PTFE-LN within the 4 ℃ (R-value 0.526 ±0.042) was found to be 
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statistically different than the 80 µL PTFE-LN (R-value 0.177 ±0.130) and the 160 µL PTFE-LN 
(R-value 0.033 ±0.047) of the 26 ℃ data set, with P-values of 0.03 (0.0265) and 0.002, respectively. 
These data show that while the 160 µL PTFE-LN of the 4 ℃ recovery data transferred the most 
amount of E. coli, it took significantly more stamps to release its captured droplets onto the agar 
plates for culture compared to the 26 ℃ recovery data. Overall, the results from this experiment 
continue to support the benefits of using a high-volume low-viscosity PTFE-LN for liquid net 
filtration. The 160 µL K103 PTFE-LN not only had the highest yield of CFUs transferred while 
maintaining favorable rate of release values. The higher amount of E. coli transferred from 
liquid nets stored at lower temperatures aligns with basic principles of biological sample 
preservation.  
5.4. Conclusions 
  The intent of this study was to apply the principles of liquid-infused surfaces to design 
filters that easily capture bioaerosols and then enable a simple transfer for culture-based 
analysis. Using commercially available PTFE filters and PFPE infusing liquid, these new liquid 
nets met the surface property characteristics previously reported in other liquid-infused 
surfaces and liquid-gated membranes. This study set out to establish the optimal parameters for 
liquid net filtration by investigating the effects of the PFPE infusion volume, PFPE viscosity,  
PTFE pore size, recovery phase time, and recovery temperature. LN filtration experiments on  
the 1.0 µm PTFE filters revealed significant improvements in the rate of release values after a 
15-minute recovery phase with the high viscosity liquid nets (P-values 0.006 and 0.001), and 
even greater significance with the high-volume low-viscosity liquid net (P=0.0005). The better 
performance of the high-volume low-viscosity 1.0 µm PTFE-LN in releasing surface pathogens 
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was supported during the 24-hour recovery experiment, where that liquid net configuration 
outperformed all other liquid nets in total CFUs transferred and cultured. When the pore size of 
the PTFE filters was increased to 10 µm, an improved rate of release performance over the dry 
controls was observed after a 30-minute recovery phase with the high-viscosity PTFE-LNs, with 
P-values of 0.01 and 0.006 for the low- and high-volume liquid nets, respectively. The results of 
this study support the claim that liquid net filtration improves the performance of filter-based 
air sampling by improving the filter’s (PTFE-LN) rate of release.  
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INVESTIGATION OF NON-TRADITIONAL LIQUID-INFUSED SURFACES FOR LIQUID 
NET FILTRATION 
6.1. Introduction 
The success of the PTFE and PFPE liquid nets provoked the curiosity to explore non-
traditional liquid-infused surface combinations to form liquid nets. With traditional liquid-
infused surfaces, there is a chemical affinity between the substrate’s surface and the infusing, or 
lubricating, oil. To expand outside of traditional LISs would mean that the two materials are no 
longer limited to an established chemical affinity to fabricate liquid nets that improve bioaerosol 
capture and release mechanisms. In this chapter, two non-traditional filter substrates are tested 
for LN filtration, meltblown polypropylene high-efficiency particulate air (HEPA) filters and 
cellulose nanofiber mats (CNFM).  
The first substrate investigated for LN filtration was the meltblown polypropylene. 
HEPA filters are designed for long-term filtration, only needing to be replaced on an annual or 
semi-annual basis, but modifications could allow the existing infrastructure to become a key 
contributor to biosurveillance efforts. While not a conventional means of air sampling, HEPA 
filters play a critical role in the infection control strategies.140 A recent study using a portable 
HEPA filtration unit in a simulated COVID isolation room reached upwards of 20 air changes 
per hour, above the recommended 12, while capturing 98% of the surrogate aerosols.163 
Upgrading the existing air handling infrastructure in areas where bioaerosol contamination is a 
high-risk environment, such as hospitals, travel hubs, entertainment venues, and schools, to 
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liquid net filtration could open a new method for monitoring the presence and spread of 
biological threats.  
In this set of experiments, the surface characterization experiments conducted on HEPA 
filters was built on the foundation laid for PTFE analysis. In addition to the SEM images for 
surface topography, contact angle analysis for bare filter wetting behavior, and sliding angle 
tests for dynamic interactions between the PFPE oil and sample droplet, a crystal violet (CV) 
staining test was added. The CV molecule is positively charged and will stain the negative 
charged bacteria and organic matter used in this study. The CV test will serve as an indicator of 
how well the PFPE oil is wetting the polypropylene fibers. If a strong physical interaction exists 
between the fibers and the PFPE oil, then the CV will be repelled, and filters will have minimal 
staining. Applying the lessons from PTFE-LN filtration experiments, the HEPA filters were 
wetted with the low viscosity K103 with a high volume, near the filter’s saturation point. After 
aerosolization of the E. coli, dry controls and HEPA-LNs were isolated for a 15-minute recovery 
phase and then stamped for culture analysis. The CV staining and liquid net filtration results 
from the HEPA-LNs demonstrate that, in the absence of strong chemical affinity between the 
two materials, physical interactions like capillary forces enabled the PFPE oil and HEPA filters 
to form stable liquid nets. The results from the aerosolization experiments demonstrated that 
HEPA-LNs provided a consistent release of the captured E. coli droplets, improving upon the 
bare control HEPA filters.  
The successful expansion of liquid net filtration to the meltblown polypropylene HEPA 
filters meant that the chemical affinity between the filter’s material and the lubricant oil were 
required to create functional liquid layers. Looking to again test the limits of liquid net 
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filtration, another non-LIS combination in cellulose and PFPE is explored.  The second filter 
substrate tested for LN filtration was a cellulose nanofiber mat (CNFM). Products derived from 
renewable resources, previously mentioned in Chapter 2, are increasingly important to provide 
climate-friendly solutions. If CNFMs have success in LN filtration then LNs could be 
manufactured by both synthetic and biological polymers. 
Surface characterization results from the HEPA experiments demonstrated that the LNs 
do not need to have a low tilt angle in order improve the rate of release. However, the 
improvement of the HEPA-LNs to repel the CV may be an important indicator of success. Thus, 
the dry control CNFMs and CFNM-LNs were tested for their retention of CV stain. Continuing 
with the lessons from both PTFE and HEPA filtration experiments, the CNFMs were infused 
with the low viscosity K103 with a high volume, near the filter’s saturation point. Again, based 
on the previous results dry controls and CNFM-LNs were isolated for a 15-minute recovery 
phase and then stamped to transfer captured E. coli for culture analysis. The results presented in 
this chapter demonstrate that a lack of physical interaction between the CNFMs and PFPE oil, 
like capillary forces, in addition to the absence of chemical affinity between the two materials 
rendered CNFM-PFPE filters a non-viable option for liquid net filtration. 
6.2. Materials and Methods 
6.2.1. HEPA Surface Characterization 
All meltblown polypropylene discs were cut from H13 HEPA filters (Nanjing Blue Sky 
Filter Co.) to 17 mm diameter, ~2.27 cm2. Liquid layer stability tests were performed to 
determine the maximum wetting volume of K130 with 160 µL and 320 µL. Six HEPA filters 
were wetted with 160 µL, and another six wetted with 320 µL. Initial masses of the membranes 
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were recorded at 0 h. Then three filters from each volume were left horizontal (n=3), while the 
other three were tilted vertical (n=3) for 24 hours. Masses of the wetted membranes were 
recorded, and statistical analysis was performed via Welch two sample t-test in R-Studio. 
Surface topography images via SEM, contact and sliding angle measurements detailed in 
Section 5.2.1 were repeated for the HEPA filters, with 160 µL K103 wetted HEPA filters used in 
the sliding angle tests. For the CV staining tests, five dry control HEPA filters and five 160 µL 
K103 HEPA-LN filters were placed into six-well plates. Each filter or LN was placed into its 
own well for 10 minutes in a 5 mL bath of 0.1% CV. Filters were then washed in baths of DI 
water until excess CV was no longer leaving the sample. Images were collected with the EOS 5D 
Mark II camera and uploaded to ImageJ. Percent biofilm coverage was conducted by converting 
the image to 8-bit grayscale, setting manual threshold pixel values to a lower limit value of 1 
and upper limit of 140, marking the entire filter as the region of interest, and measuring the area 
as percent coverage.  
6.2.2. CNFM Surface Characterization 
Electrospun cellulose nanofiber mats were fabricated and provided by Shao-Hsiang 
“Joe” Hung in the lab of Jessica Schiffman at the University of Massachusetts Amherst. Prior to 
shipping, characterization at the Schiffman lab indicated the CNFM had an average thickness of 
70-90 µm and effective pore size of 4–8 µm. CNFMs prepared for contact angle and sliding 
angle measurements were cut to 17 mm diameter, 2.27 cm2. Contact angle, SEM, and sliding 
angle measurements were replicated from protocol in Section 5.2.1; however, filters were only 
tested once per filter (n=3) and the CNFM-LNs were wetted with 40 µL of K103 with a volume 
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per area of 13.3 ±1.8 µL/cm2. The CV staining protocol from Section 6.2.1 was repeated for the 
dry control CNFMs (n=5) and 40 µL K103 CNFMs (n=5), in which filters were cut to 25 mm.  
6.2.3. HEPA Aerosol Filtration 
Liquid net filtration experiments were conducted with HEPA filters cut to the size of the 
filter housing, 17 mm or 2.27 cm2. Each filtration experiment had an alternating run order 
(available in Appendix H) between the dry control HEPA filters (n=3) and HEPA-LNs (n=3), 
wetted with 160 µL K103. The aerosolization and filtration protocol followed was based on the 
Section 4.4.2, again with the additional step in which the filtration system and loaded diffuser 
were run for a 15-minute build-up phase before the first HEPA filter was inserted and cycled.  
The recovery time was set to 15 minutes before the physical stamping was conducted nine times 
onto the LB agar plates. Rate of release calculations (Section 5.2.5) were conducted for each 
filter. The statistical analysis conducted between the dry controls and LNs was performed in R-
Studio, following the protocol described in Section 5.2.2.  
6.2.4. CNFM Aerosol Filtration 
Six CNFMs were cut to the size of the filter housing, 2.27 cm2, so each filter condition 
had an n=3. While the three controls were left as is, the three liquid nets were wetted with 40 µL 
of K103. The aerosolization and filtration protocol followed was based on the Section 4.4.2, 
again with the additional step in which the filtration system and loaded diffuser were run for a 
15-minute build-up phase before the first CFNM was inserted and cycled. The concentration of 
the E. coli and PBS solution loaded into the diffuser for this experiment was 1.46×106 CFU/mL.  
The recovery time was set to 15 minutes before the physical stamping was conducted nine times 
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onto the LB agar plates. The filters were run in alternating order, available in Appendix I. Rate 
of release calculations (Section 5.2.5) were conducted for each filter.  
6.3. Results and Discussion 
6.3.1. HEPA Surface Characterization 
The first experiment conducted was the investigation of the liquid layer’s stability over 
the course of 24 hours on the HEPA filters. For the HEPA filters wetted with 160 µL of K103, the 
initial volume/area measurement (n=6) was 56.8 ±3.7 µL/cm2 and went down 43.8 ±3.7 µL/cm2 
for the horizontal filters (n=3) and 40.9 ±0.5 µL/cm2 for the vertical filters (n=3). This loss of 
Krytox over time was found to not be significant (P=0.2) via the Mann-Whitney test. In 
conducting the same test with 320 µL, the initial infusing value was 55.7 ±7.6 µL/cm2 (n=6). 
After 24 hours, the horizontal HEPA filters (n=3) were at 39.4 ±2.6 µL/cm2 and the vertical filters 
(n=3) measured at 41.7 ±1.8 µL/cm2. Again, this drop in Krytox was found to not be significant 
(P=0.5) via the Welch two sample t-test. The 24-hour values were compared between the two 
volumes and were again found to be not significantly different (P=0.3). This is due to the HEPA 
filters reaching their saturation point and the 320 µL sample had significant volume bleed-off of 
the Krytox oil from the filter. Thus, the HEPA filters wetted with 320 µL of K103 essentially lost 
~160 µL due to the immediate oversaturation of the HEPA filter. This experiment provided the 
information needed to use 160 µL as the volume for fabricating HEPA-LNs, as well as provided 
evidence to support the claim that HEPA filters would retain the PFPE lubricant oil via weak-
chemical association and/or physical interactions like capillary forces.  
The surface topography of the meltblown polypropylene HEPA filters is visible in 




Figure 6.1. A) Surface topography of the HEPA 
filter via SEM at 200× magnification. B) 
Representative images of the HEPA’s 89 ±23° 
contact angle measurement. C) CV-stained 






liquids increases.103,164 The relatively large 
fiber and resulting pore network is noted, 
in comparison to the 1.0 PTFE filters in 
Figure 5.2A. The contact angle 
measurements (Fig. 6.1B) on the HEPA 
filters resulted in an angle of 89 ±23°. The 
filter with the lowest contact angle was 67 
±6° compared to the largest contact angle 
at 118 ±3°. The meltblown fabrication 
process created irregular surface 
topography (Fig. 6.1A) creating a non-homogeneous surface texture, accounting for the 
variability in contact angle results. Results from the sliding angle measurements yielded failure. 
These failures are caused by the droplets being pinned to the surface of the filters and not being 
able to slide at angles ≤45°, the cutoff for the sliding angle test. This pinning is most likely 
attributed to the roughness of the surface topography, and the PFPE oil only coating the fibers 
and not forming a bed of liquid for the droplet to freely move atop of. For the final surface 
characterization assay, HEPA filters were also submerged in CV to understand the repellent 
nature of the bare control HEPA filters and the HEPA-LNs. Representative images of the CV-
stained control and 160 µL K103 HEPA filters are shown in Figures 6.1Ci and 6.1Cii. Percent 
biofilm coverage for the control HEPA filters was 93.3 ±3.9% compared to the HEPA-LNs at 15.8 
±6.4%, and a statistically significant difference determined via the Welch two sample t-test (P-




Figure 6.2. A) SEM image at 500× magnification of CNFM’s surface. B) Representative 
images of bare control CNFM (i) and CNFM wetted with 40 µL K103 (ii) after crystal violet 
staining. Both samples are fully stained by the CV solution. 
A B
iii 5 mm
which the polypropylene fibers and PFPE lubricant oil have some interaction to resist the 
adhesion of the CV dye. This interaction is most likely a combination of weak fluorine-
hydrogen bonding with capillary forces between the fibers and oil.164,165  
6.3.2. CNFM Surface Characterization 
The hydrophilicity of the cellulose in the CNFMs was confirmed as the water droplet 
completely wetted the mats, resulting in a contact angle of 0 ±0°. Due to the droplets completely 
wetting the CNFMs, each mat was only tested once. This trend again continued for the sliding 
angle measurements, in which both the dry controls and 40 µL K103 CNFMs did not register a 
sliding angle. The water droplet wetted the bare control CNFMs immediately. Whereas the 
droplet began to integrate into the CNFM-LN immediately and eventually fully wetted the 
CNFM-LN, again unable to register a sliding angle and failing the test. The failure of the 
CNFM-LN to register a sliding angle is indicative of the incompatibility between the CNFM and 
PFPE lubricant oil. For the water droplet to fully wet the CNFM-LN suggests that the PFPE oil 
is not being retained by physical interactions, such as capillary forces, nor a chemical affinity.  
Images of the CNFM’s surface topography is shown in Figure 6.2A. Representative 
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images of the CV retention tests are shown for the bare control, Figure 6.2Bi, and CNFM-LN, 
Figure 6.2Bii. As seen in Figure 6.2, both the control CNFM and CNFM-LN were stained by the 
CV solution across the entire filters’ cross-sectional area. These results align with the failure 
exhibited in the sliding angle measurements. This repeated failure of the CNFM-LNs to repel 
the CV solution supports the claim that the combination of cellulose nanofibers and PFPE oil do 
not form a stable LN, and thus are incapable of releasing captured airborne pathogens.  
6.3.3. HEPA Aerosol Filtration 
Two independent data sets were collected on the liquid net filtration experiments for the 
HEPA filters. The first data set had a starting concentration of 1.43×106 CFU/mL, whereas the 
second liquid net filtration experiment measured of 6.80×105 CFU/mL. The rate of release 
calculations were conducted for each independent data set, Figure 6.3i and 6.3, with the control 
HEPA (grey lines with circle markers) and HEPA-LN (blue lines and diamond markers) filters. 
Statistical analysis, using the Welch two sample t-test, at the fourth stamp found a significant 
difference (P=0.03) between the bare control R-value of 1.16 ±0.24 and the HEPA-LN’s value of 
0.41 ±0.15. Since the rate of release calculation is a normalized metric, the two data sets were 
able to be combined for analysis. The combined rate of release calculations resulted in 
significant difference between the dry controls and HEPA-LNs at stamps 3 and 4, both 
calculations via the Welch two sample t-test. At the third stamp, the dry controls had an R-
Value of 2.37 ±1.62 compared to the liquid nets’ 0.57 ±0.25, resulting in a P-value of 0.04. Next, 
the P-value at the fourth stamp was 0.04 where the rate of release for the dry controls measured 
2.19 ±1.56, compared to 0.48 ±0.15 calculated for the HEPA-LNs. One observation from the rate 




Figure 6.3. Rate of release analysis for the first (i) and second (ii) data sets using meltblown 
polypropylene HEPA filters. The dry control HEPA filters (grey circles) and 160 µL K103 
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maintained a rate of release greater than or equal to one (R ≥ 1) for 63.0% and 88.9% of all 
measured stamps in the first (Table H.2) and second (Table H.5) data sets, respectively. 
Conversely, the HEPA-LNs recorded a rate of release value equal to or less than one (R ≤ 1) for 
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96.3 % (Table H.2) and 100% (Table H.5) of their recorded stamps. Furthermore, the bare 
control filters had an increased amount of CFUs transferred from the previous stamp 33.3% of 
the time, the same incidence rate for both data sets. Compared to the HEPA-LNs, this increase 
in transfer occurred 14.8% and 18.5% of the time in the first in second data set, respectively. 
These trends in release rate highlight the stabilizing effect that the PFPE oil has on the HEPA 
filters for liquid net filtration. The rate of release consistently decreases towards zero with each 
transfer and was significantly lower for the HEPA-LNs compared to the dry controls for both 
stamps 3 and 4. These results demonstrate that the stability previously seen in the liquid layer 
stability and CV staining experiments translated to the improvements in rate of release by using 
liquid net filtration.   
Examination of the transferred E. coli colonies during the first stamp (Table H.3) are 
noticeably higher for the HEPA-LNs, 52.7 ±11.0 CFUs, over the bare control’s 19.3 ±13.3 CFUs, 
although the results from the t-test were just outside of the confidence interval (P=0.054). This 
was again the case for the second data set (Table H.7) with the first stamp transfers for the 
control HEPA filters coming to 2.67 ±1.25 CFUs, compared to 26.7 ±8.99 CFUs for the HEPA-
LNs (P=0.06). However, the cumulative CFU transfer counts did not align between the data sets, 
however, neither set contained significant difference between the controls and the liquid nets. 
The first data set had a higher total count for the controls (Table H.4), whereas the second data 
set had greater total transfer for with the HEPA-LNs (Table H.8). 
A major effort was invested into chemical removal of the captured E. coli droplets in 
order to simplify the extraction process. A chemical removal process would eliminate the need 
for multiple transfer stamps and provide a scalable method for liquid nets. The protocol 
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involved a two-liquid solution. The first liquid, Novec 7100 Engineering Fluid (3M), a non-toxic 
hydrofluoroether solvent,166 was selected to dissolve the PFPE oil away from the filter. The 
second liquid selected was PBS, where the charged negatively charged E. coli would migrate for 
extraction and analysis. However, detailed in Appendix J are the multiple iterations of this 
process that failed. These failures are most likely caused by the Novec fluid interacting with the 
E. coli in such a way that prevents their growth on agar plates. Future studies in which the 
downstream analysis is changed from culturing on agar plates to real time-polymerase chain 
reaction analysis may circumvent the reported failures and open the door for chemical 
extraction.  
6.3.4. CNFM Aerosol Filtration 
Again, the rate of release was used as the chief determinant of filter performance, shown 
in Figure 6.4, with each CNFM and CNFM-LN graphed as individual filter performance. 
During the stamping process the second and third CNFMs ripped down the center after four 
and seven stamps, respectively. None of the CNFM-LNs were destroyed during the stamping 
process. The control CNFMs (grey lines with circular markers) rate of release values of the 
control decreased towards zero as the stamp number increased, with exception to CNFM 1 
stamp 3 and CNFM3 stamp 4, whereas the CNFM-LNs (blue lines with diamond markers) 
never fell below a release rate less than 0.5 aside from CNFM-LN 3’s final stamp and when zero 
CFUs were transferred with CNFM-LN 1. The median number of CFUs transferred during the 
first stamp of the control CFNMs was 50, compared to that of 16 for the CNFM-LNs. This trend 
continued as the total CFUs transferred for the control CNFMs was 227 compared to 127 of the 
CNFM-LNs. The lack in chemical affinity between the cellulose-based filter and the PFPE 
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Figure 6.4. CNFM rate of release analysis, where each dry control (grey circles) and 40 µL 
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lubricant oil is most likely the cause for inconsistent release of the captured aerosol. The 
inconsistent rate of release coupled with (crystal violet data) suggest that cellulose nanofiber 
mats should not be fabricated for use in liquid net filtration. 
6.4. Conclusions 
Due to the success of the PTFE filters for liquid net filtration, the idea was expanded to 
non-traditional LISs. Here, it is demonstrated that meltblown polypropylene HEPA filters are 
also a viable filter material to form liquid nets when wetted with a high-volume low-viscosity 
PFPE oil. Despite failing the sliding angle test, the HEPA-LNs maintained a stable liquid layer 
after 24 hours and repelled a significant amount of CV stain. This combination of results suggest 
that capillary forces are maintaining a coat of PFPE oil around the HEPA’s fibers, forming liquid 
net. More evidence for this claim was added when the aerosolization rate of release data was 
significantly better for the HEPA-LNs compared to the values of the dry controls. Surprisingly, 
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even the first stamp transfer was improved for the HEPA-LNs compared to the dry controls. 
These results demonstrate that HEPA filters, a widely-used air filtration material, can 
successfully serve as the substrate for liquid nets and outperform bare HEPA filters in releasing 
capture bacteria. The failure of the CNFM-LNs to improve upon the filtration performance of 
the bare CNFMs suggests the need for either chemical affinity between the filter and the 
infusing oil, as in the case for PTFE-LNs. 
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CONCLUSIONS AND RECOMMENDATIONS 
As previously mentioned, the lack of direct applications using liquid-infused surfaces 
was the motivation to contribute meaningful research towards the progress of the field. In this 
dissertation, two successful applications of liquid-infused surfaces with technology transfer 
capabilities have been developed.  
The first engineering solution delivered a low-cost paper-based platform that 
simultaneously localized and concentrated waterborne samples. In Chapter 2, the issue of 
sample loss within point-of-care devices was established as the motivation to provide a new 
method of handling biological samples for downstream analysis. It was then demonstrated how 
mass-manufactured SRP could be infused, in one step, with PDMS oil to create the paper-based 
liquid-infused surfaces that resisted bacterial adhesion. Then, in Chapter 3, the various 3D 
geometries were shown in how the design of the paper-based system could intrinsically 
multiplex a large volume, or an array of manual aliquots could be localized and concentrated 
into predetermined zones. The hallmark claim from this chapter was the concentration of S. 
aureus and especially E. coli after a 10-fold evaporation in the solution, E. coli had concentrated 
nearly 2.5-fold above the expected value. 
The second direct application of liquid-infused surfaces was the creation of liquid net 
filtration, laid out in Chapter 4. The need for liquid net filtration stemmed from the lack of 
standardization across air sampling methods, but especially driven by the minimized analytical 
techniques filter-based air sampling enable. Chapter 5 established that liquid nets could be 
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fabricated via traditional liquid-infused surface principles in matching the chemistries of the 
PTFE filter and the PFPE infusing oil. Optimization of the 1.0 µm PTFE-LNs found that a high-
volume low-viscosity liquid net significantly improved the rate at which the captured E. coli 
droplets were released compared to the bare control filters after a 15-minute recovery phase. 
Additional tests showed that similar results could be obtained for 10 µm PTFE-LNs, but with 
the high-viscosity PFPE infusing oil after a 30-minute recovery phase. These results meant that 
liquid net filtration provided a new method that improved the rate at which captured 
bioaerosol would be released for culture analysis, potentially improving the odds for detection 
of low-concentration biological threats.  
With the success of the PTFE filters forming liquid nets, non-traditional liquid-infused 
surfaces were explored. The first material investigated was meltblown polypropylene HEPA 
filters, detailed in Chapter 6. Surface characterization tests supported the claim that the HEPA 
filters and the low-viscosity PFPE oil formed a stable association, most likely from capillary 
forces, that enabled the liquid net filtration without matching chemistries. Results from the 
aerosolization and filtration experiments demonstrated that the HEPA-LNs significantly 
improved the rate of release for the captured E. coli, but it also improved the first stamp transfer 
totals (narrowly outside of the 95% confidence interval). However, the success found with the 
HEPA filters did not continue for the cellulose nanofiber mats. The failure of the CNFMs to 
form liquid nets confirms the hypothesis that either strong chemical affinity or strong physical 
interactions, like capillary forces, are required between the filter material and the 
infusing/wetting oil in order to form liquid nets.  
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While the physical removal of the bioaerosol for culture analysis is a valid technique 
currently implemented in air sample handling,144 it has its limitations. Chemical extraction of 
the captured bioaerosols will not only aid in scaling liquid net filtration for high surface area 
filters. Furthermore, it will most likely be a one-step removal, eliminating the multiple stamps 
needed to fully remove all captured pathogens as demonstrated by Chapters 5 and 6. While 
attempts to use a combination of Novec 7100 engineering fluid and PBS failed (Appendix J) 
further investigation with aerosolized viruses analyzed via real time-polymerase chain reaction 
and infectivity assays are active projects in collaboration with the Dr. Melissa Maginnis and her 
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APPENDIX A  
LIQUID-INFUSED POLYMER SURFACE CHARACTERIZATIONS 
 
Figure A.1. Masses of SRP samples (1.5 x 4.0 cm) immersed in 10 cSt PDMS oil were recorded 
over time. The difference between the mass at each time point compared to the original mass of 
the SRP sample is plotted as the percent change in mass over time. Line of best fit shown by the 





Figure A.2. (a) Droplet sliding angle and (b) droplet speed measurements plotted for filter, 
brochure, and printer paper. Dry control surfaces shown in gray and surfaces with a liquid 






Figure A.3. (a) Image of a dry control SRP surface after a 50 µL droplet containing 108 CFU/mL 
of E. coli traveled the length of the surface. Arrows and circles indicate presence of bacteria on 
the surface. (b) Image from a z-stack conducted on the surface of the SRP surface with a liquid 
layer after the E. coli droplet retention test showing no green fluorescence from the bacteria. (c) 
Image of a dry control SRP surface after a 50 µL droplet containing 107 CFU/mL of S. aureus 
traveled the length of the surface. Arrows and circles indicate presence of bacteria on the 
surface. (d) Image from a z-stack conducted on the surface of the SRP surface with a liquid layer 













Figure A.4. (a) Schematic of the droplet’s pathway on the PDMS surface, inset showing the area 
capture by the scans below. (b) Compiled fluorescence microscopy scan of a dry control PDMS 
surface after a droplet containing 108 CFU/mL of E. coli traveled across the surface with an inset 
showing a trail of individual bacterium between the large residual droplets. (c) Compiled scans 
of the E. coli droplet retention test on dry control PDMS surfaces (n=3). (d) Compiled scans of 




Figure A.5. (a) Schematic of the droplet’s pathway on the PDMS surface, inset showing the area 
capture by the scans below. (b) Compiled fluorescence microscopy scan of a dry control PDMS 
surface after a droplet containing 107 CFU/mL of S. aureus (n=3). (c) Compiled scans of the S. 







APPENDIX B  
INVESTIGATION OF SRP CUPS’ INFUSION LIQUID VISCOSITY 
An experiment was constructed to investigate how varying the viscosity of the PDMS 
infusion oil would affect the rate of evaporation and potential patterns to localization. The 5 cm 
× 5 cm SRP cups were folded and prepared as discussed in Section 3.2.1. Three temperature 
ranges were explored, with a sample number of 2 (n =2) per infusion condition; for each 
temperature range there were SRP cups of the following viscosities: 1.5 cSt, 3 cSt, 7 cSt, 10 cSt, 
and the dry controls. Each cup was filled with 3 mL of dyed water (400 µL FD&C Blue #1 dye in 
100 mL of water). The first set of SRP cups was placed in the -80 °C freezer. Every sample was 
frozen within 30 minutes and did not exhibit any changes amongst the conditions. The second 
set was placed in the Isotemp 60 L Oven (Thermo Fisher Scientific) at 70 °C and imaged at hour 
intervals of t = 0, 2, 4, 22, and 94 hours as seen in Figure B.1. At the four-hour observation, all of 
the liquid in the control and 1.5 cSt cups had evaporated, and the 3 cSt sample had been 
evaporated at the 22-hour mark. At the 94-hour observation, all oil had been evaporated from 
the 1.5 and 3 cSt cups, whereas the liquid samples had evaporated but oiled remained for the 7 
and 10 cSt cups. The final set of SRP cups remained at in the ambient environment at room 
temperature. Observations were recorded at t = 0, 94, 144, 264, and 505 hours, as seen in Figure 
B.2. At the 94-hour mark, the liquid overlayer was gone from the 1.5 cSt samples. All liquid and 
oil had evaporated from the control through 3 cSt cups by the 264-hour mark, while one of the 7 
cSt cups fell out of the study. At the final observation (505 hours), the liquid samples and oil 
remained for the 7 and 10 cSt samples. Original files were corrupted, but scans of the original 




Figure B.1. Observation marks of SRP cups evaporating at 70 °C. SRP cups pictured in order, 
from left to right, are as follows, the control, 1.5 cSt, 3 cSt, 7 cSt, and 10 cSt, in duplicate for each 
photo. Controls are not pictured in Figure B.1D and Figure B.1E. A) Initial observation at t = 0 h. 
B) Second observation at t = 2 h. C) Third observation at t = 4 h, liquid has evaporated from the 
control and 1.5 cSt cups. D) Fourth observation at t = 22 h, liquid has evaporated from 3 cSt 
cups. E) Final observation at t = 94 h, liquid samples have evaporated from 7 and 10 cSt cups, 












Figure B.2. Observation of SRP at room temperature.  SRP cups pictured in order, from left to 
right, are as follows, the control, 1.5 cSt, 3 cSt, 7 cSt, and 10 cSt, in duplicate for each photo. 
Observations are conducted at t= 0 h (A), t = 94 h (B), t = 144 h (C), t = 264 h (D), and t = 505 h (E). 
The second 7 cSt cup exited the study after 144 h. Liquid samples and oil remain for 7 and 10 cSt 








APPENDIX C  
BUBBLER SYSTEM PERFORMANCE DATA 
Table C.1. Raw CFU Counts for 15-Minute Recovery  
   
Control 90 K103 90 K107 180 K103 180 K107 
Data Set 1 
 
0 37 52 0 52 
 
14 9 12 6 0 
 
0 65 2 0 43 
Data Set 2 
 
5 TNTC 15 5 4 
 
1 13 100 7 14 
 
18 11 35 2 33 
 
0 49 105 3 4 
 
0 1 156 0 17 
 
5 10 54 37 82 
AVG 
 
4.8 24.4 59.0 6.7 27.7 
SD 
 
6.4 21.5 48.6 11.0 25.8 
 
Table C.2. Raw CFU Counts for 30-Minute Recovery 
  
Control 90 K103 90 K107 180 K103 180 K107 
Data Set 1 
0 49 34 1 7 
2 7 49 7 18 
3 16 98 0 10 
Data Set 2 
6 37 10 18 3 
2 11 94 3 0 
0 6 38 3 31 
0 67 43 3 0 
0 50 0 14 1 
0 50 142 7 22 
AVG 1.4 32.6 56.4 6.2 10.2 




Table C.3. Normalized CFU Counts for 15-Minute Recovery 
  
Control 90 K103 90 K107 180 K103 180 K107 
Data Set 1 
0.0E+00 5.4E-04 7.6E-04 0.0E+00 7.6E-04 
2.1E-04 1.3E-04 1.8E-04 8.8E-05 0.0E+00 
0.0E+00 9.6E-04 2.9E-05 0.0E+00 6.3E-04 
Data Set 2 
6.6E-05 TNTC 2.0E-04 6.6E-05 5.3E-05 
1.3E-05 1.7E-04 1.3E-03 9.2E-05 1.8E-04 
2.4E-04 1.4E-04 4.6E-04 2.6E-05 4.3E-04 
0.0E+00 6.4E-04 1.4E-03 3.9E-05 5.3E-05 
0.0E+00 1.3E-05 2.1E-03 0.0E+00 2.2E-04 
6.6E-05 1.3E-04 7.1E-04 4.9E-04 1.1E-03 
 
Table C.4. Normalized CFU Counts for 30-Minute Recovery 
  
Control 90 K103 90 K107 180 K103 180 K107 
Data Set 1 
0.0E+00 8.3E-04 5.8E-04 1.7E-05 1.2E-04 
3.4E-05 1.2E-04 8.3E-04 1.2E-04 3.1E-04 
5.1E-05 2.7E-04 1.7E-03 0.0E+00 1.7E-04 
Data Set 2 
4.7E-05 2.9E-04 7.8E-05 1.4E-04 2.3E-05 
1.6E-05 8.6E-05 7.3E-04 2.3E-05 0.0E+00 
0.0E+00 4.7E-05 3.0E-04 2.3E-05 2.4E-04 
0.0E+00 5.2E-04 3.4E-04 2.3E-05 0.0E+00 
0.0E+00 3.9E-04 0.0E+00 1.1E-04 7.8E-06 
0.0E+00 3.9E-04 1.1E-03 5.5E-05 1.7E-04 
 
Table C.5. Normalized Counts (×105) Used for System Analysis 
  
Control 90 K103 90 K107 180 K103 180 K107 
15-Min Avg 6.53 36.18 70.27 7.91 38.39 
15-Min St. Dev. 8.75 28.47 60.30 13.27 32.11 
30-Min Avg 1.79 33.27 64.62 5.53 11.95 




APPENDIX D  
SYRINGE NEBULIZER SYSTEM PERFORMANCE DATA 
 
Table D.1. Raw CFU Counts of First Run 
  
Filter 1 Filter 2 Filter 3 
Control 0 0 0 
90 K103 3 0 0 
90 K107 1 0 2 
 
Table D.2. Raw CFU Counts of Second Run 
  
Filter 1 Filter 2 Filter 3 
Control 0 0 0 
90 K103 0 0 1 




APPENDIX E  
1.0 µM PTFE-LN DATA 
Table E.1. Raw CFU Counts for 0-Minute Recovery  
 
Table E.2. Rate of Release Calculations for 0-Minute Recovery  
 
Table E.3. Transferred CFUs for Stamp No. 1 of 0-Minute Recovery 
  
Stamp 1 Stamp 2 Stamp 3 Stamp 4 Stamp 5 Stamp 6 Stamp 7 Stamp 8 Stamp 9 Total
80 K103 2 0 0 0 0 0 0 0 0 0 0
160 K103 1 11 4 3 1 0 0 0 0 0 19
80 K107 1 33 9 0 1 0 0 3 0 0 46
160 K107 1 12 7 1 0 2 0 0 0 0 22
C3 63 35 13 7 5 3 4 6 2 138
80 K103 3 49 18 1 3 1 2 0 0 1 75
80 K107 2 52 8 3 5 1 1 1 1 0 72
160 K107 2 21 6 5 2 0 0 0 1 1 36
160 K103 3 30 14 4 10 5 1 0 0 2 66
C1 62 20 13 4 5 1 0 1 0 106
80 K107 3 49 13 4 1 2 0 0 0 0 69
160 K103 2 48 16 17 2 4 2 1 0 0 90
80 K103 1 37 5 4 0 3 1 0 0 0 50
160 K107 3 42 8 8 0 3 2 0 0 0 63
C2 79 14 15 9 7 5 3 0 2 134
Stamp 1 Stamp 2 Stamp 3 Stamp 4 Stamp 5 Stamp 6 Stamp 7 Stamp 8 Stamp 9
C3 1 0.5556 0.2063 0.1111 0.0794 0.0476 0.0635 0.0952 0.0317
C2 1 0.1772 0.1899 0.1139 0.0886 0.0633 0.0380 0.0000 0.0253
C1 1 0.3226 0.2097 0.0645 0.0806 0.0161 0.0000 0.0161 0.0000
80 K107 3 1 0.2653 0.0816 0.0204 0.0408 0.0000 0.0000 0.0000 0.0000
80 K107 2 1 0.1538 0.0577 0.0962 0.0192 0.0192 0.0192 0.0192 0.0000
80 K107 1 1 0.2727 0.0000 0.0303 0.0000 0.0000 0.0909 0.0000 0.0000
80 K103 3 1 0.3673 0.0204 0.0612 0.0204 0.0408 0.0000 0.0000 0.0204
80 K103 2 1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
80 K103 1 1 0.1351 0.1081 0.0000 0.0811 0.0270 0.0000 0.0000 0.0000
160 K107 3 1 0.1905 0.1905 0.0000 0.0714 0.0476 0.0000 0.0000 0.0000
160 K107 2 1 0.2857 0.2381 0.0952 0.0000 0.0000 0.0000 0.0476 0.0476
160 K107 1 1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
160 K103 3 1 0.4667 0.1333 0.3333 0.1667 0.0333 0.0000 0.0000 0.0667
160 K103 2 1 0.3333 0.3542 0.0417 0.0833 0.0417 0.0208 0.0000 0.0000
160 K103 1 1 0.3636 0.2727 0.0909 0.0000 0.0000 0.0000 0.0000 0.0000
Avg Std Dev
Control 68.0 7.8
80 K103 28.7 20.9
80 K107 44.7 8.3
160 K103 29.7 15.1
160 K107 25.0 12.6
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Table E.4. Total CFUs Transferred of 0-Minute Recovery  
 
Table E.5. Raw CFU Counts for 15-Minute Recovery 
 




80 K103 41.7 31.2
80 K107 62.3 11.6
160 K103 58.3 29.5
160 K107 40.3 17.0
Stamp 1 Stamp 2 Stamp 3 Stamp 4 Stamp 5 Stamp 6 Stamp 7 Stamp 8 Stamp 9 Total
80 K103 2 0 0 0 0 0 0 0 0 0 0
160 K103 1 0 0 0 0 0 0 0 0 0 0
80 K107 1 1 0 0 0 0 0 0 0 0 1
160 K107 1 0 0 0 0 0 0 0 0 0 0
C3 17 2 7 4 1 2 0 0 0 33
80 K103 3 83 16 24 3 2 1 2 0 1 132
80 K107 2 15 3 2 3 1 1 1 0 0 26
160 K107 2 101 26 23 16 8 4 12 4 1 195
160 K103 3 53 19 1 0 0 2 0 1 0 76
C1 45 38 16 12 2 5 6 7 2 133
80 K107 3 37 10 1 0 2 0 1 0 2 53
160 K103 2 13 6 1 0 1 0 1 0 0 22
80 K103 1 116 30 11 3 4 0 0 0 1 165
160 K107 3 72 11 3 1 1 1 1 1 1 92
C2 45 27 15 5 11 5 8 5 4 125
Stamp 1 Stamp 2 Stamp 3 Stamp 4 Stamp 5 Stamp 6 Stamp 7 Stamp 8 Stamp 9
C3 1 0.1176 0.4118 0.2353 0.0588 0.1176 0.0000 0.0000 0.0000
C2 1 0.6000 0.3333 0.1111 0.2444 0.1111 0.1778 0.1111 0.0889
C1 1 0.8444 0.3556 0.2667 0.0444 0.1111 0.1333 0.1556 0.0444
80 K107 3 1 0.2703 0.0270 0.0000 0.0541 0.0000 0.0270 0.0000 0.0541
80 K107 2 1 0.2000 0.1333 0.2000 0.0667 0.0667 0.0667 0.0000 0.0000
80 K107 1 1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
80 K103 3 1 0.1928 0.2892 0.0361 0.0241 0.0120 0.0241 0.0000 0.0120
80 K103 2 1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
80 K103 1 1 0.2586 0.0948 0.0259 0.0345 0.0000 0.0000 0.0000 0.0086
160 K107 3 1 0.1528 0.0417 0.0139 0.0139 0.0139 0.0139 0.0139 0.0139
160 K107 2 1 0.2574 0.2277 0.1584 0.0792 0.0396 0.1188 0.0396 0.0099
160 K107 1 1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
160 K103 3 1 0.3585 0.0189 0.0000 0.0000 0.0377 0.0000 0.0189 0.0000
160 K103 2 1 0.4615 0.0769 0.0000 0.0769 0.0000 0.0769 0.0000 0.0000
160 K103 1 1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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Table E.7. Transferred CFUs for Stamp No. 1 of 15-Minute Recovery 
 
Table E.8. Total CFUs Transferred for 15-Minute Recovery 
 




80 K103 66.3 48.8
80 K107 17.7 14.8
160 K103 22.0 22.6
160 K107 57.7 42.5
Avg Std Dev
Control 97.0 45.4
80 K103 99.0 71.3
80 K107 26.7 21.2
160 K103 32.7 31.9
160 K107 95.7 79.7
Stamp 1 Stamp 2 Stamp 3 Stamp 4 Stamp 5 Stamp 6 Stamp 7 Stamp 8 Stamp 9 Total
80 K103 2 0 0 0 0 0 0 0 0 0 0
160 K103 1 2 0 0 0 0 0 0 0 0 2
80 K107 1 22 4 2 0 0 0 0 0 0 28
160 K107 1 44 3 0 0 0 0 0 0 0 47
C3 19 2 2 0 1 1 0 0 1 26
80 K103 3 11 0 0 0 1 0 0 0 0 12
80 K107 2 14 4 1 0 1 0 0 0 0 20
160 K107 2 30 4 3 1 2 1 0 1 0 42
160 K103 3 25 5 4 2 2 1 2 1 0 42
C1 70 21 10 7 13 8 6 2 4 141
80 K107 3 114 7 6 2 3 1 0 0 1 134
160 K103 2 125 14 7 8 2 2 3 2 1 164
80 K103 1 68 6 6 2 5 5 0 0 0 92
160 K107 3 96 10 4 0 0 1 0 0 0 111
C2 72 25 15 10 10 5 5 1 0 143
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Table E.10. Rate of Release Calculations for 30-Minute Recovery 
 
Table E.11. Transferred CFUs for Stamp No. 1 of 30-Minute Recovery 
 
Table E.12. Total CFUs Transferred for 30-Minute Recovery 
 
Stamp 1 Stamp 2 Stamp 3 Stamp 4 Stamp 5 Stamp 6 Stamp 7 Stamp 8 Stamp 9
C3 1 0.1053 0.1053 0.0000 0.0526 0.0526 0.0000 0.0000 0.0526
C2 1 0.3472 0.2083 0.1389 0.1389 0.0694 0.0694 0.0139 0.0000
C1 1 0.3000 0.1429 0.1000 0.1857 0.1143 0.0857 0.0286 0.0571
80 K107 3 1 0.0614 0.0526 0.0175 0.0263 0.0088 0.0000 0.0000 0.0088
80 K107 2 1 0.2857 0.0714 0.0000 0.0714 0.0000 0.0000 0.0000 0.0000
80 K107 1 1 0.1818 0.0909 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
80 K103 3 1 0.0000 0.0000 0.0000 0.0909 0.0000 0.0000 0.0000 0.0000
80 K103 2 1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
80 K103 1 1 0.0882 0.0882 0.0294 0.0735 0.0735 0.0000 0.0000 0.0000
160 K107 3 1 0.1042 0.0417 0.0000 0.0000 0.0104 0.0000 0.0000 0.0000
160 K107 2 1 0.1333 0.1000 0.0333 0.0667 0.0333 0.0000 0.0333 0.0000
160 K107 1 1 0.0682 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
160 K103 3 1 0.2000 0.1600 0.0800 0.0800 0.0400 0.0800 0.0400 0.0000
160 K103 2 1 0.1120 0.0560 0.0640 0.0160 0.0160 0.0240 0.0160 0.0080
160 K103 1 1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Avg Std Dev
Control 53.7 24.5
80 K103 26.3 29.8
80 K107 50.0 45.4
160 K103 50.7 53.4
160 K107 56.7 28.4
Avg Std Dev
Control 103.3 54.7
80 K103 34.7 40.8
80 K107 60.7 52.0
160 K103 69.3 68.9
160 K107 66.7 31.4
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APPENDIX F  
10 µM PTFE-LN DATA 
Table F.1. Raw CFU Counts for 15-Minute Recovery 
 
 
Table F.2. Rate of Release Calculations for 15-Minute Recovery 
 
  
Stamp 1 Stamp 2 Stamp 3 Stamp 4 Stamp 5 Stamp 6 Stamp 7 Stamp 8 Stamp 9 Total
40 K103 2 56 11 5 4 3 1 1 0 1 82
80 K103 1 17 4 3 1 0 1 0 0 0 26
40 K107 1 25 6 10 5 1 0 1 0 0 48
80 K107 1 163 42 12 12 6 1 3 4 0 243
C3 142 61 61 27 17 11 10 4 2 335
40 K103 3 68 22 5 4 1 0 0 0 0 100
40 K107 2 50 12 6 1 1 0 0 0 1 71
80 K107 2 22 4 4 0 0 0 0 0 0 30
80 K103 3 53 8 6 2 1 0 0 0 0 70
C1 102 38 44 22 9 14 4 5 3 241
40 K107 3 31 6 6 3 1 0 1 0 0 48
80 K103 2 90 24 2 14 8 4 2 2 1 147
40 K103 1 34 15 2 2 2 2 1 0 0 58
80 K107 3 37 6 4 2 1 0 2 0 0 52
C2 53 4 6 5 4 1 0 1 0 74
Stamp 1 Stamp 2 Stamp 3 Stamp 4 Stamp 5 Stamp 6 Stamp 7 Stamp 8 Stamp 9
C1 1 0.3725 0.4314 0.2157 0.0882 0.1373 0.0392 0.0490 0.0294
C2 1 0.0755 0.1132 0.0943 0.0755 0.0189 0.0000 0.0189 0.0000
C3 1 0.4296 0.4296 0.1901 0.1197 0.0775 0.0704 0.0282 0.0141
40 K103 1 1 0.4412 0.0588 0.0588 0.0588 0.0588 0.0294 0.0000 0.0000
40 K103 2 1 0.1964 0.0893 0.0714 0.0536 0.0179 0.0179 0.0000 0.0179
40 K103 3 1 0.3235 0.0735 0.0588 0.0147 0.0000 0.0000 0.0000 0.0000
40 K107 1 1 0.2400 0.4000 0.2000 0.0400 0.0000 0.0400 0.0000 0.0000
40 K107 2 1 0.2400 0.1200 0.0200 0.0200 0.0000 0.0000 0.0000 0.0200
40 K107 3 1 0.1935 0.1935 0.0968 0.0323 0.0000 0.0323 0.0000 0.0000
80 K103 1 1 0.2353 0.1765 0.0588 0.0000 0.0588 0.0000 0.0000 0.0000
80 K103 2 1 0.2667 0.0222 0.1556 0.0889 0.0444 0.0222 0.0222 0.0111
80 K103 3 1 0.1509 0.1132 0.0377 0.0189 0.0000 0.0000 0.0000 0.0000
80 K107 1 1 0.2577 0.0736 0.0736 0.0368 0.0061 0.0184 0.0245 0.0000
80 K107 2 1 0.1818 0.1818 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
80 K107 3 1 0.1622 0.1081 0.0541 0.0270 0.0000 0.0541 0.0000 0.0000
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Table F.3. Transferred CFUs for Stamp No. 1 of 15-Minute Recovery 
 
Table F.4. Total CFUs Transferred for 15-Minute Recovery 
 




40 K103 52.7 14.1
40 K107 35.3 10.7
80 K103 53.3 29.8
80 K107 74.0 63.2
Avg Std Dev
Control 216.7 107.9
40 K103 80.0 17.2
40 K107 55.7 10.8
80 K103 81.0 50.0
80 K107 108.3 95.6
Stamp 1 Stamp 2 Stamp 3 Stamp 4 Stamp 5 Stamp 6 Stamp 7 Stamp 8 Stamp 9 Total
40 K103 2 0 0 0 0 0 0 0 0 0 0
80 K103 1 3 4 2 1 0 0 0 0 0 10
40 K107 1 33 8 5 3 2 1 0 0 0 52
80 K107 1 61 4 2 3 1 0 0 0 0 71
C3 8 2 3 2 1 1 0 1 0 18
40 K103 3 30 12 8 4 0 1 1 0 0 56
40 K107 2 57 20 10 2 2 1 0 0 0 92
80 K107 2 73 13 6 6 0 0 0 0 0 98
80 K103 3 59 38 19 5 3 5 0 0 0 129
C1 60 26 16 14 7 4 3 2 0 132
40 K107 3 63 15 6 7 3 2 0 0 1 97
80 K103 2 67 25 8 2 1 0 3 0 0 106
40 K103 1 90 28 16 7 5 1 2 0 0 149
80 K107 3 81 12 6 3 0 1 1 0 0 104
C2 83 40 26 9 4 8 2 2 0 174
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Table F.6. Rate of Release Calculations for 30-Minute Recovery 
 
Table F.7. Transferred CFUs for Stamp No. 1 of 30-Minute Recovery 
 





40 K103 40.0 37.4
40 K107 51.0 13.0
80 K103 43.0 28.5
80 K107 71.7 8.2
Avg Std Dev
Control 108.0 65.9
40 K103 68.3 61.5
40 K107 80.3 20.1
80 K103 81.7 51.5
80 K107 91.0 14.4
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APPENDIX G  
TEMPERATURE-BASED RECOVERY DATA 




Table G.2. CFU Analysis Grouped by Temperature 
 
Stamp 1 Stamp 2 Stamp 3 Stamp 4 Stamp 5 Stamp 6 Stamp 7 Stamp 8 Stamp 9 Total
4 Control 1 14 7 6 3 3 1 0 0 1 35
4 Control 2 35 15 14 1 2 3 1 0 2 73
4 Control 3 47 33 12 3 10 2 3 2 0 112
4 80µL K103 1 11 3 2 2 1 0 0 0 0 19
4 80µL K103 2 42 6 7 3 1 2 0 0 2 63
4 80µL K103 3 30 17 4 1 0 0 0 1 0 53
4 160µL K103 1 84 47 12 9 4 2 4 1 1 164
4 160µL K103 2 30 14 1 6 3 4 3 2 2 65
4 160µL K103 3 49 27 14 10 5 5 5 1 4 120
26 Control 1 0 0 0 0 0 0 0 0 0 0
26 Control 2 0 0 0 0 0 0 0 0 0 0
26 Control 3 90 22 10 10 10 1 2 0 4 149
26 80µL K103 1 13 4 1 2 0 0 0 1 0 21
26 80µL K103 2 76 17 5 4 1 2 0 1 1 107
26 80µL K103 3 0 0 0 0 0 0 0 0 0 0
26 160µL K103 1 0 0 0 0 0 0 0 0 0 0
26 160µL K103 2 10 1 1 1 0 0 0 0 0 13
26 160µL K103 3 1 0 0 0 0 0 0 0 0 1
40 Control 1 0 0 0 0 0 0 0 0 0 0
40 Control 2 0 0 0 0 0 0 0 0 0 0
40 Control 3 0 0 0 0 0 0 0 0 0 0
40 80µL K103 1 0 0 0 0 0 0 0 0 0 0
40 80µL K103 2 0 0 0 0 0 0 0 0 0 0
40 80µL K103 3 0 0 0 0 0 0 0 0 0 0
40 160µL K103 1 0 0 0 0 0 0 0 0 0 0
40 160µL K103 2 0 0 0 0 0 0 0 0 0 0
40 160µL K103 3 0 0 0 0 0 0 0 0 0 0
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Table G.3. Rate of Release Calculations 
 
  
Stamp 1 Stamp 2 Stamp 3 Stamp 4 Stamp 5 Stamp 6 Stamp 7 Stamp 8 Stamp 9
4 Control 1 1.000 0.500 0.429 0.214 0.214 0.071 0.000 0.000 0.071
4 Control 2 1.000 0.429 0.400 0.029 0.057 0.086 0.029 0.000 0.057
4 Control 3 1.000 0.702 0.255 0.064 0.213 0.043 0.064 0.043 0.000
4 80µL K103 1 1.000 0.273 0.182 0.182 0.091 0.000 0.000 0.000 0.000
4 80µL K103 2 1.000 0.143 0.167 0.071 0.024 0.048 0.000 0.000 0.048
4 80µL K103 3 1.000 0.567 0.133 0.033 0.000 0.000 0.000 0.033 0.000
4 160µL K103 1 1.000 0.560 0.143 0.107 0.048 0.024 0.048 0.012 0.012
4 160µL K103 2 1.000 0.467 0.033 0.200 0.100 0.133 0.100 0.067 0.067
4 160µL K103 3 1.000 0.551 0.286 0.204 0.102 0.102 0.102 0.020 0.082
26 Control 1 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
26 Control 2 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
26 Control 3 1.000 0.244 0.111 0.111 0.111 0.011 0.022 0.000 0.044
26 80µL K103 1 1.000 0.308 0.077 0.154 0.000 0.000 0.000 0.077 0.000
26 80µL K103 2 1.000 0.224 0.066 0.053 0.013 0.026 0.000 0.013 0.013
26 80µL K103 3 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
26 160µL K103 1 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
26 160µL K103 2 1.000 0.100 0.100 0.100 0.000 0.000 0.000 0.000 0.000
26 160µL K103 3 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
40 Control 1 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
40 Control 2 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
40 Control 3 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
40 80µL K103 1 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
40 80µL K103 2 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
40 80µL K103 3 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
40 160µL K103 1 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
40 160µL K103 2 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
40 160µL K103 3 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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APPENDIX H  
HEPA-LN DATA 
Table H.1. Raw CFU Counts for First HEPA Aerosolization Data Set 
 
Table H.2. Rate of Release Calculations for First HEPA Data Set 
 
Table H.3. Transferred CFUs for Stamp No. 1 of First HEPA Data Set 
 
Table H.4. Total CFUs Transferred for First HEPA Data Set 
 
Table H.5. Raw CFU Counts for Second HEPA Aerosolization Data Set 
 
Stamp 1 Stamp 2 Stamp 3 Stamp 4 Stamp 5 Stamp 6 Stamp 7 Stamp 8 Stamp 9 Total
B HEPA 1 12 10 8 10 4 2 4 2 2 54
160 HEPA 1 68 47 31 42 24 0 19 0 0 231
B HEPA 2 38 50 66 53 60 91 70 54 49 531
160 HEPA 2 43 47 32 14 23 18 10 4 3 194
B HEPA 3 8 7 14 10 15 15 1 10 9 89
160 HEPA 3 47 22 16 14 4 4 1 4 0 112
Stamp 1 Stamp 2 Stamp 3 Stamp 4 Stamp 5 Stamp 6 Stamp 7 Stamp 8 Stamp 9
B HEPA 3 1 0.8750 1.7500 1.2500 1.8750 1.8750 0.1250 1.2500 1.1250
B HEPA 2 1 1.3158 1.7368 1.3947 1.5789 2.3947 1.8421 1.4211 1.2895
B HEPA 1 1 0.8333 0.6667 0.8333 0.3333 0.1667 0.3333 0.1667 0.1667
160 HEPA 3 1 0.4681 0.3404 0.2979 0.0851 0.0851 0.0213 0.0851 0.0000
160 HEPA 2 1 1.0930 0.7442 0.3256 0.5349 0.4186 0.2326 0.0930 0.0698
160 HEPA 1 1 0.6912 0.4559 0.6176 0.3529 0.0000 0.2794 0.0000 0.0000
Avg Std Dev
Control 19.3 13.3
160 HEPA 52.7 11.0
Avg Std Dev
Control 224.7 217.1
160 HEPA 179.0 49.7
Stamp 1 Stamp 2 Stamp 3 Stamp 4 Stamp 5 Stamp 6 Stamp 7 Stamp 8 Stamp 9 Total
B HEPA 1 0 6 4 5 2 4 3 0 3 6
160 HEPA 1 32 26 15 15 15 9 8 11 7 138
B HEPA 2 3 3 4 5 3 1 3 0 0 22
160 HEPA 2 14 4 14 7 5 2 5 1 1 53
B HEPA 3 4 20 19 12 16 13 13 7 7 111
160 HEPA 3 34 23 14 23 16 10 5 2 5 132
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Table H.6. Rate of Release Calculations for Second HEPA Data Set 
 
Table H.7. Transferred CFUs for Stamp No. 1 of Second HEPA Data Set 
 
Table H.8. Total CFUs Transferred for Second HEPA Data Set 
 
 
Stamp 1 Stamp 2 Stamp 3 Stamp 4 Stamp 5 Stamp 6 Stamp 7 Stamp 8 Stamp 9
B HEPA 3 1 5.0000 4.7500 3.0000 4.0000 3.2500 3.2500 1.7500 1.7500
B HEPA 2 1 1.0000 1.3333 1.6667 1.0000 0.3333 1.0000 0.0000 0.0000
B HEPA 1 1 6.0000 4.0000 5.0000 2.0000 4.0000 3.0000 0.0000 3.0000
160 HEPA 3 1 0.6765 0.4118 0.6765 0.4706 0.2941 0.1471 0.0588 0.1471
160 HEPA 2 1 0.2857 1.0000 0.5000 0.3571 0.1429 0.3571 0.0714 0.0714
160 HEPA 1 1 0.8125 0.4688 0.4688 0.4688 0.2813 0.2500 0.3438 0.2188
Avg Std Dev
Control 2.7 1.2
160 HEPA 26.7 9.0
Avg Std Dev
Control 46.3 46.2
160 HEPA 107.7 38.7
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APPENDIX I  
CNFM-LN DATA 
Table I.1. Raw CFU Counts 
 
Table I.2. Rate of Release Calculations 
 
Table I.3. Transferred CFUs for Stamp No. 1  
 
Table I.4. Total CFUs Transferred  
 
  
Stamp 1 Stamp 2 Stamp 3 Stamp 4 Stamp 5 Stamp 6 Stamp 7 Stamp 8 Stamp 9 Total
B CNFM 1 0 0 1 0 0 0 0 0 0 1
40 CNFM 1 0 0 1 0 0 0 1 1 0 3
B CNFM 2 50 61 34 30 27 13 12 0 0 227
40 CNFM 2 16 17 12 13 17 10 9 24 9 127
B CNFM 3 66 65 53 78 53 44 27 14 0 400
40 CNFM 3 36 56 31 38 40 38 28 30 10 307
Stamp 1 Stamp 2 Stamp 3 Stamp 4 Stamp 5 Stamp 6 Stamp 7 Stamp 8 Stamp 9
B CNFM 3 1 0.9848 0.8030 1.1818 0.8030 0.6667 0.4091 0.2121 0.0000
B CNFM 2 1 1.2200 0.6800 0.6000 0.5400 0.2600 0.2400 0.0000 0.0000
B CNFM 1 1 0.0000 1.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
40 CNFM 3 1 1.5556 0.8611 1.0556 1.1111 1.0556 0.7778 0.8333 0.2778
40 CNFM 2 1 1.0625 0.7500 0.8125 1.0625 0.6250 0.5625 1.5000 0.5625
40 CNFM 1 1 0.0000 1.0000 0.0000 0.0000 0.0000 1.0000 1.0000 0.0000
Avg Std Dev
Control 38.7 28.1
40 CNFM 17.3 14.7
Avg Std Dev
Control 209.3 163.4
40 CNFM 145.7 124.8
131 
 
APPENDIX J  
CHEMICAL EXTRACTION PROTOCOL AND NOTED FAILURES 
 A method was developed to release the captured aerosolized E. coli following the 
aerosolization protocol with dry control and HEPA-LNs from Section 6.3.3. Following the 15-
minute recovery period, the filter would be placed in 15 mL conical tube with 0.5 mL of Novec 
7100 Engineering Fluid (3M) and 2.0 mL of 1× PBS. The tube was shaken by hand for 60 s, as the 
two liquids are immiscible and difficult to form an emulsion. This was conducted so the 
fluorinated Novec solvent would strip away the Krytox 103 PFPE and associated bacteria from 
the fibers. Then, the conical tube was returned to the vertical position for 5 minutes, allowing 
the two liquid phases to separate and the negatively charged bacteria to potentially associate 
with the PBS over the fluorinated solvent.  For CFU analysis, 200 µL from each liquid was 
plated onto separate LB agar plates and incubated for 24 h at 37 °C. For all experiments, 0 CFUs 
were grown on the LB agar plates that were samples from the fluorinated Novec solvent. 
Cultured plates from the PBS were also well-below expectations and highly varied. One 
potential reason for this method’s failures is due to the reliance on culturing bacteria after 
association with two-fluorinated compounds, potentially interfering with their growth on agar 
plates. Future experiments with reovirus using real-time polymerase chain reaction and 
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